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Information furnished herein by Linear Technology Corporation is beiieved to be accurate and reliable. However, no responsibility is assumed for its
use. Linear Technology Corporation makes no representation that the interconnection of its circuits, as described herein, will not infringe on existing
patent rights.



Why Write Applications?

This is seemingly an odd and unlikely way to begin an applications publica-
tion, but it is a valid question. As such, the components of the decision to
produce this book are worth reviewing.

Producing linear application material requires an intensive, extended effort.
Development costs for worthwhile material are extraordinarily high, absorb-
ing substantial amounts of engineering time and money. Further, these same
resources could be directed towards product development, the contribution of
which is much more easily measured at the corporate coffers. These are seri-
ous issues in any environment, but are particularly critical in a rapidly growing
company, where resources must be thoughtfully allocated.

Linear Technology Corporation's commitment to a concerted applications ef-
fort was made despite these concerns. Specifically, the nature of linear circuit
design is so diverse, the devices so sophisticated, and user requirements so
demanding that designers require (or at least welcome) assistance.
Ultimately, the procurement and use of linear ICs is tied to the user's ability to
solve the problems confronting them. Anything which enhances this ability, in
both specific and general cases, obviously benefits user and vendor.

This is a very simple but powerful argument, and is the basis of LTC's commit-
ment to applications. Additional benefits include occasional new product
concepts and a way to test products under "real world" conditions, but the
basic justification is as described.

Traditionally, application work has involved reviewing considerations for suc-
cessful use of a specific product. Additionally, basic circuit suggestions or
concepts are sometimes offered. Although this approach is useful and neces-
sary, some expansion is possible. LTC's applications are centered on de-
tailed, systems-oriented circuits, (hopefully) similar to the types of designs
users are working with. There is a broad tutorial content, reflected in the form
of frequent text digressions and liberal use of graphics. Discussions of trade-
offs, options and techniques are emphasized, as opposed to brief descrip-
tions of circuit operation. Many of the application notes contain appended
sections which examine related or pertinent topics in detail. Ideally, this treat·
ment provides enough background to allow readers to modify the circuits
presented into solutions to their specific problems.

Some comment about the circuit examples is appropriate. They range from
relatively simple to quite complex and sophisticated. Emphasis is on high
performance, in keeping with the capabilities of LTC's products and the mar-
ket we serve. The circuit's primary function is to serve as a catalyst-once the
reader has started thinking, the material has accomplished its mission.



Substantial effort has been expended in working out and documenting these
circuits, but they are not finessed to the highest possible degree. All of the cir-
cuits have been breadboarded and bench-tested at the prototype level.
Specifications and performance levels quoted in the text represent measured
and extrapolated data derived from the breadboard prototype. The volume of
material generated prohibits formal worst-case review or tolerance analysis
for production. Additionally, despite our best efforts, errors of various sorts do
occasionally creep in along the way to publication. Because of these con-
siderations, readers should contact LTC when preparing to use a circuit in a
production situation. This allows us to advise on specific areas of the circuit
which may require a "second look" before going to production. Updates, sug-
gested modifications and just plain mistakes can also be discussed at this
time.

We have received numerous comments and questions since this books first
(1987)edition. The most frequent query concerns topic selection. The topics
presented are survivors of a selection process involving a number of disparate
considerations. These include reader needs, suitability for magazine publica-
tion, LTC's short and long term commercial aspirations, time constraints and
author interest in doing the work. Additionally, we seek a 10 year useful life-
time for application notes. This generally precludes narrowly focused effort
towards individuaIIC's. Topics are broad, with a tutorial and design emphasis
that (ideally) reflects the readers long term interests. While the circuits pre-
sented unabashedly favor our products, they must be conceptually applicable
to succeeding generations of devices (hopefully ours). Similarly, the circuits
should represent a relatively complete and interdisciplinary approach to solv-
ing the problem at hand. Solving a problem is usually the readers/customers
overwhelming motivation. The selection and integration of tools and methods
towards this end is the priority. For this reason the examples and accompany-
ing text are as complete and practical as possible. This may necessitate effort
in areas where we have no direct economic stake, e.g., the software presented
in AN28 or the magnetics developed for AN25, AN29 and AN35. In some cir-
cumstances this policy necessitates use of competitors products (horrors!)
where appropriate. Such gallant objectivity is not without calculation; the
goal is to have readers associate LTCwith realistic advice, useful products
and satisfactory results, regardless of the problem encountered. The long
term task is establishing and maintaining credibility and customer loyalty. If
unabused, these are powerful sales tools. Maintaining this stance involves a
significant amount of negotiation and compromise with issues and individu-
als, but the results are usually favorable for everyone.

A second common question addresses the time and effort required to produce
an individual application note. The work invested varies considerably. AN29
required a year to complete. It involved endless laboratory hours, close coor-
dination with our magnetics supplier and over 300 changes, corrections,



band-aids and tweaks before the manuscript was finally released. Conversely,
AN31 and AN32 were finished (perhaps theraputically) within three weeks. In
all cases the actual writing time is a miniscule percentage of the total work
time. AN29's year of effort was written up in a week. AN31 and AN32 required
less than five hours.

Another common question involves our photographic documentation. We
have received hundreds of inquiries requesting details on instrumentation,
particularly for multi-trace oscilloscope photography. Almost all photo-
graphic work is done with four (Tektronix 547 with a four trace 1A4 plug-in) or
eight (Tektronix 556 with two 1A4 plug-ins) trace oscilloscopes. Photographs
with more than eight traces utilize multiple exposure or splicing techniques.
Tektronix C-12and C-27cameras are used on both instruments, with modified
graticule illumination on the 556. AN29's Appendix F provides additional
discussion.

A final recurring question concerns use of this book as text in university level
courses. We certainly welcome this, and find it rewarding. However, we can·
not develop, or collaborate in the development of, supplementary material for
problem sets and laboratory manuals. This simply strays too far from our
charter.

Some significant additions since the 1987edition are "Design Notes" and the
open format used in AN26, AN27 and AN36. "Design Notes" provide a way to
cover a specific topic in concise form and get the material to the reader
quickly. Most of these notes are stand-alone efforts. In some cases they are
excerpted from application note work in progress and fed directly to print.
When the application note becomes available the material appears in unab-
breviated form. Another change is the format used for AN26, AN27 and AN36.
The segmented approach allows convenient updating and additions at some
sacrifice in text flow. Subjects amenable to this treatment avoid the disruptive
surgery required to revise a conventional manuscript.

In response to reader requests we have included macromodels of compo-
nents. The present list includes 28IC's, all amplifiers. This inventory will grow
and diversify into other part types. Significant effort has gone towards making
these models realistic and usable. They are intended as powerful adjunct
tools in the design process, and should not be abused. More specifically, they
are meant to augment actual breadboards, not eliminate them. Bypassing
breadboarding is an extraordinarily hazardous process with a high fatality
rate, even among veteran designers. Although these macromodels cannot
eliminate the cold realities involved in making something work, they ease the
task and save time. As such, we encourage readers to use them and invite
your comments.



Also new is the inclusion of application notes from other sources. These
notes, found in the "Reference Reading" section, have proven particularly
useful to readers. The information they contain is pertinent to problem areas
that concern our readers. As such, they merit inclusion. If this approach is
well received this section will be enlarged in succeeding editions. The
cooperation of the contributors is appreciated.

Finally, the appearance of new authors is applauded, particularly by the un·
dersigned. There is plenty of work to do and many pens (and probes) ease the
task while broadening perspective.
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Linear Technology has made a major effort to address a
wide variety of topics. The number of application prob·
lems solvable with either circuit techniques or new linear
integrated circuits continues to grow at a progressive rate.
This comprehensive index includes Application Notes
(AN1-AN40), Design Notes (DN1-DN32) and Data Sheet
circuits (through March 1990).

A·D-See Converter

ACCELEROMETER-See Signal Conditioning

ACOUSTIC THERMOMETER-See Signal Conditioning-
Temperature

AMPLIFIER
Absolute Value

Precision Absolute Value Circuit: LT1001 DS; m002 DS
Wide Bandwidth Absolute Value Circuit: LT1022 DS
Precision Absolute Value Circuit: OP05 DS

Additional Feature Circuits
DC and AC Zeroing: LF198 DS
Inverting Amplifierwith High Input Resistance: LM108 DS
Constant Gain Amplifier Over Temperature: LT1004 DS
Ammeter with Six Decade Range: m008 DS; LT1012 DS
Five Decade Kelvin·Varley Divider: m008 DS
Input Amplifier for 4·112 Digit Voltmeter: m008 DS; LT1012 DS
DC Stabilized FET Probe: LTC1052 DS

Boosted Output
Basic Boosted Op Amp (150mA): AN4, Pg. 1
Increasing Output Current (10mA-20mA): AN9, Pg. 18
Increasing Output Current and Voltage (± 12V at 20mA):

AN9, Pg.18
1.5VVoitage Boosted Output Op Amp (OV-10V): AN15, Pg. 6
m010, Paralleling: AN16, Pg. 17
Fast Power Buffer(10MHz): AN16, Pg. 20
High Current Booster (3A): AN18, Pg. 2
Output Stage (150mA): AN18, Pg. 2
Ultra Fast Feed Forward Current Booster (1000V/IlS, 14MHz,

200mA): AN18, Pg. 3
Low Output Saturation: AN18, Pg. 4; LTC1052 DS

The index is organized so that application circuits and
subject tutorials are easily found. The major categories
are broken up into specialized topics to help isolate a
particular application. The subject index works as follows,
Le. AN8, Pg. 8 = Application Note 8 page 8; LTC1044
DS= LTC1044 Data Sheet; DN17, Pg. 1= Design Note 17
page 1.

High Current Rail to Rail Output Stage (1oomA): AN18, Pg. 5
Output Stage (± 120V Swing): AN18, Pg. 7; m055 DS
Output Stage (± 150V Swing): AN18, Pg. 8
Unipolar Output, Gain Stage (1000V Swing): AN18, Pg. 9
± 15V Powered, Bipolar Output, Voltage Gain Stage,

(± 100V Swing): AN18, Pg. 11
Paralleling for High Current: AN21, Pg.12
Precision Amplifier Drives 5000 Load to ± 10V: m002 DS
Precision Amplifier Drives 3000 Load to ± 10V: LT1007DS;

OP227 DS
High Output Current Op Amp: LT1022 DS; AN16, Pg.15;

LTC1052 DS
Increasing Output Current and Voltage: LTC1052 DS

Buffer
Fast, Stabilized FET Buffer (FET Probe): AN9, Pg. 9
Input Buffer forthe LT1088: AN22, Pg. 12
Large Signal Voltage Follower: LT1001 DS
Fast ± 150mA Power Buffer: m010 DS

Clamping Techniques
Precision Adjustable Dead Zone Generator: AN6, Pg. 5;

m001 DS; m002 DS
Precision Clamp: LM129 DS

Composite
DC Stabilized Fast Amplifier (23V/IlS, 300kHz FPB): AN21, Pg. 1
Fast DC Stabilized FET Amplifier (100V/IlS, 1MHz FPB):

AN21, Pg. 2
Fast Precision Inverter: LH2108 DS
Fast Summing Amplifier: LM108 DS
Precision Inverting Amplifier: LT118 DS
Fast Precision Inverter: LTC1052 DS



Current Mode
"Current Mode Feedback" Amplifier(1MHz FPB): AN21, Pg. 7;

AN22, Pg. 12; LT10BB DS
"Current Mode Feedback" (Son of Godzilla Amplifier)

(3000V/Jls, 25MHz FPB): AN21, Pg. B; AN22, Pg. 13; LT10BB DS

DAC
Simple Pre·Amplifier for the Comparator: AN17, Pg. 4
"No Trims" 12 Bit Multiplying DAC Output Amplifier: LT1012 DS;

LT1022 DS; LT1055 DS
No Vas Adjust CMOS DAC Buffer: LTC1052 DS

DeadZone
Dead Zone Generator: LT1001 DS; LT1002 DS

Discussion
LT1010 Buffer: AN4, Pg. 7; AN16, Pg. 1
Chopper Stabilized Op Amps: AN9, Pg. 19
Amplifier Compensation: AN10, Pg. B
LT1010, Performance Summary: AN16, Pg. 7
Frequency Compensation: AN1B, Pg. 12
Operational Amplifier Selection Guide for Optimum Noise

Performance: DN3, Pg. 1
Input Guarding: LM10B DS
Input Protection: LM10B DS
Advantages of Matched Dual Op Amps: LT1002 DS; OP227 DS;

LT1024 DS
Gain 1000 Amplifier with 0.01 % DC Accuracy: LT1007 DS
Achieving Picoampere/Microvolt Performance: LT100B DS;

LT1012 DS; LTC1052 DS
Frequency Compensation: LT100B DS
Isolating Capacative Loads: LT1010 DS
High Speed Operation: LT1055 DS
Phase Reversal Protection: LT1055 DS
Isolating Large Capacitive Loads: LT11B DS
Offset Voltage Adjustment: OP27 DS

Divider
Analog Divider: LT1057 DS
Divide by 3: LTC1043 DS
Divide by 4: LTC1043 DS
Divide by 2: LTC1043 DS

Fast
Precision High Speed Op Amp (1000V/Jls): AN6, Pg. 7; LT1001 DS
Stabilized FET Buffer (FET Probe): AN9, Pg. 9

Fast DC Stabilized FET Amplifier (100V/Jls, 1MHz FPB):
AN21, Pg. 2

"Current Mode Feedback" Amplifier (1MHz FPB): AN21, Pg. 7;
AN22, Pg. 12; LT10BB DS

"Current Mode Feedback" Amplifier (3000V/Jls, 25MHz FPB):
AN21, Pg. B; AN22, Pg.13; LT10BB DS

Fast Precision Inverter: LH210B DS
Fast Summing Amplifier: LM10B DS
Fast Precision Inverters: LT100B DS; LT1012 DS

Fiber Optic
Fast Fiber Optic Receiver (10MHz): AN13, Pg. 23

Instrumentation
± 5V Precision Instrumentation Amplifier: AN3, Pg. 2;

LT1006 DS
Chopper·Stabilized Instrumentation Amplifier: AN3,

Pg. 3; LTC1043 DS
Instrumentation Amplifier with 300V Common Mode Range:

AN6, Pg. 2; LT1001 DS
Ultra Precision Instrumentation Amplifier: AN9, Pg. 6
Precision Instrumentation Amplifier: AN11, Pg. 6
Ultra Precision Instrumentation Amplifier: AN11, Pg. 6;

LTC1043 DS
A Single Amplifier, Precision High Voltage Instrumentation

Amplifier: DN25, Pg. 1
Differential Input Instrumentation Amplifier: LM10B DS
Three Op Amp Instrumentation Amplifier: LT1002 DS;

LT1024 DS; OP05 DS
Two Op Amp Instrumentation Amplifier: LT1002 DS; LT1024 DS;

OP05DS
Instrumentation Amplifier with ± 100V Common Mode Range:

LT1012 DS
5V Powered Precision Instrumentation Amplifier: LT1013 DS
5V Single Supply Dual Instrumentation Amplifier: LT1013 DS
Triple Op Amp Instrumentation Amplifier with Bias Current

Cancellation: LT1013 DS
Low Noise, Wide Bandwidth Instrumentation Amplifier:

LT102B DS
High Performance Instrumentation Amplifier: LT1051 DS
Instrumentation Amplifier with Shield Driver: LT105B DS
Precision, Micropower, Single Supply Instrumentation

Amplifier: LT1101 DS



High Speed, Precision, JFET Input Instrumentation Amplifier:
LT1102DS

5V Powered Ultra Precision Instrumentation Amplifier:
LTC1052 DS

Precision, Chopper Stabilized, Single Supply Instrumentation
Amplifier: LTC1100 DS

Single Supply, Chopper Stabilized Instrumentation Amplifier:
LTC1150 DS

Integrator
Integrator with Programmable Reset Level: LF198 DS
Low Drift Integrator with Reset: LM108 DS

Inverter
Ultra Precision Voltage Inverter: LTC1043 DS

Isolation
Precision Isolation Amplifier (250V Iso. - 0.03% Acc.):

AN9, Pg. 8; LTC1052DS
Lock In

Lock In Amplifier: AN3, Pg. 4; LTC1043 DS

Logarithmic
Logarithmic Amplifier: LT1008DS; LT1012DS

Low Noise
DC Stabilized, Ultra Low Noise (Vas = 5p.V,1.1nV/Hz):

AN21, Pg. 10; LT1028DS
Paralleling for Low Noise: AN21, Pg.11; LT1028DS; LT1058DS
Ultra Low Noise, Low Drift Amplifier: LTC1052DS

Micropower
Meter Amplifier: LM10 DS
Microphone: LM10 DS
Transducer Amplifier: LM10 DS
Precision, Micropower, Single Supply Instrumentation

Amplifier: LT1101DS
Micropower, Single Supply Op Amp: LT1178DS

Multiplier
Analog Multiplier with 0.01% Accuracy: AN3, Pg. 14
Resistor Multiplier: LT1012DS
Analog Multiplier/Divider: LTC1040DS
Precision Multiply by 3: LTC1043 DS
Multiply by 2: LTC1043DS
Precision Multiply by 4: LTC1(}43DS
Analog Multiplier: LTC1099 DS

Noise
Noise Calculations in Op Amp Circuits: DN15, Pg. 1
Noise Testing: OP27 DS

Rectifier
Precision Rectifier: LM101 DS
100kHz Precision Rectifier: LT1011DS

RF
RF Leveling Loop: AN22, Pg. 14; LT1088DS

Sample and Hold
Fast Sample-Hold, 2p.s 0.01%, with Hold Step Compensation:

AN4, Pg.5
Sample and Hold (200ns-0.01 %): AN13, Pg. 15; LT1016DS
Sample and Hold (10ns): AN13, Pg. 18
1.5V Powered Sample and Hold: AN15, Pg. 3
1.5V Fast Sample and Hold (125p.s, 0.1%): AN15, Pg. 4
Micropower Sample and Hold: AN23, Pg. 10; LT1006DS
Basic Sample and Hold: LF198 DS
Differential Hold: LF198 DS
Fast Acquisition, Low Droop Sample and Hold: LF198 DS
Output Holds at Average of Sample Input: LF198 DS
Sample and Difference Circuit: LF198 DS
X1000 Sample and Hold: LF198 DS
Sample and Hold: LM108 DS
Fast, Precision Sample and Hold: LT1022DS
5p.s Sample and Hold with Zero Hold Step: LT119A DS
Quad Single 5V Supply, Low Hold Step, Sample and Hold:

LTC1043 DS
Infinite Hold Time Sample and Hold: LTC1099 DS

Settling Time
Settling Time Test Circuit: AN10, Pg. 1
Improved Settling Time Test Circuit: AN10, Pg. 2; LT1055 DS
Circuit for Testing Followers: AN10, Pg. 3
Sampling Switch for Ultra Precision Settling Time

Measurement: AN10, Pg. 4

Trackand Hold
Fast Track and Hold: AN13, Pg. 16
Track and Hold (5MHz): AN16, Pg. 19

Variable Gain
Variable Gain Amplifier: AN3, Pg. 5; LTC1043 DS



Video
Video Line Driving Amplifier: AN4, Pg. 3
Video Distribution Amplifier: AN4, Pg. 4
DC Stabilized Fast Amplifier (32M Hz): AN21, Pg. 5

Wideband-See Also Amplifier-Fast
Feed Forward, DC Stabilized Buffer: AN4, Pg. 2
LT1010 Wideband Amplifier: AN16, Pg. 17
Wideband FET Input Stabilized Buffer: AN21, Pg. 3
Gain Trlmmable Wideband FET Amplifier: AN21, Pg. 4
DC Stabilized Fast Amplifier, Low Bias Current (100VhIS, 1MHz

FPB): AN21, Pg. 6
Wideband, High Input Impedance, Gain = 1000 Amplifier:

LT1058 DS

ANALOG SWITCH

2·Channel
2-Channel Switch: LF198 DS

Driver
± 5V Analog Switch Driver: LTC1045 DS

ANEMOMETER-See Signal Conditioning

AUDIO

Pre·Amplifier
Very Low Distortion Buffered Pre·Amplifier: LT1010 DS

BATTERY CHARGER

Charger
50mA Baitery Charger and Regulator: LT1020 DS
Battery Charger: LT1086 DS
Battery Charger: LTC1041 DS
Wind Powered Battery Charger: LTC1042 DS

Discussion
Construction of Low Resistance Shunts: AN37, Pg. 4

LeadAcid
Temperature Compensated Lead Acid Battery Charger:

LT1038 DS; LT117 DS; LT138 DS

NiCad
Thermally Controlled NiCad Battery Charger: AN6, Pg. 4;

LT1001 DS
Thermally Controlled NiCad Battery Charger: AN37, Pg. 2
Switched Mode Thermal NiCad Charger: AN37, Pg. 3, 4

BOOSTER-See Amplifier

BRIDGE AMPLIFIER-See Signal Conditioning

BRIDGE CIRCUITS-See Strain Gauge

BUFFER-See Amplifier

BYPASSI NG -See Capacitors

CAD

Filter
FilterCAD User's Manual: AN38, Pg. 1

CAPACITORS

Discussion
About Bypass Capacitors: AN13, Pg. 25
Hold Capacitor: LF198 DS

CARTOON

8ackPage
Jim and Celia's Caribbean Trip: AN25, Pg. 24
Mr. Cool LT1025: AN28, Pg. 20
Who You Gonna Call: AN35, Pg. 32
Kick That Creaky Stuff Out: AN35, Pg. 31

CLOCK CIRCUITS-See Oscillators

COMPARATOR

Additional Feature Circuits
Driving Ground Referred Load: LT1011 DS; LT311A DS
Driving Load Referenced to Negative Supply: LT1011 DS;

LT311A DS
Driving Load Referenced to Positive Supply: LT1011 DS;

LT311ADS
Noise Immune 60Hz Line Sync: LT1011 DS; LT119A DS
Using Clamp Diodes to Improve Frequency Response:

LT1011 DS; LT311A DS
2-Wire Comparator: LT1018 DS

Current
Fast Current Comparator (16 Bit): LT1055 DS
Fast Current Comparator (12 Bit): OP15 DS

DAC
Fast Pre·Amplifier for Comparator: AN17, Pg. 5

Discussion
High Speed Comparator Problems: AN13, Pg. 4
Input Protection: LT1011 DS



Input Signal Range: L11011 U::i
Input Slew Rate Limitations: LT1011 OS
Preventing Oscillation Problems: LT1011 OS
Strobing: LT1011 OS
High Speed Design Techniques: LT1016 OS
Input Impedance and Bias Current: LT1016 OS
Measuring Response Time: LT1016 OS

Hysteresis
Comparator with Hysteresis: LT1011 OS; LT685 OS
Low Power Comparator with < 10IlV Hysteresis: LT1012 OS

Isolated
Fully Isolated Limit Comparator (500V Iso.): AN11, Pg.10;

LT1017 OS

Level Shift
Output Level Shifting: AN13, Pg. 31

Microvolt
Dual Limit Microvolt Comparator: OP227 OS

One Shot
Voltage Controlled High Speed One Shot: LT319A OS

Precision
Offset Stabilized Comparator: AN9, Pg. 11; LTC1052 OS
Microvolt Comparator with TTL Output: LT1001 OS
Dual Limit Microvolt Comparator: LT1002 OS
Microvolt Comparator with Hysteresis: LT1007 OS

Trigger
Trigger (50MHz): AN13, Pg. 24

Ultra Fast
High Speed Comparator with Hysteresis: LT685 OS

Window
Window Detector: LT1011 OS; LT311A OS
1.5V Powered Refrigerator Alarm: LT1017 OS
Window Comparator with Symmetric Window Limits:

LTC1040 OS
Window Comparator: LTC1042 OS
Multi-Window Comparator and Display: LTC1045 OS

CONTROLLER
Cooler

Peltier Cooled Switch Mode O°C Reference: AN25, Pg. 12

uven
In Crystal Oven Controller: AN1, Pg. 6
Ovenized Oscillator: AN12, Pg. 3

CONVERTER
A·D

4 Digit (10,000 Count) A-D Converter: LT1011 OS
Auto-Zeroing A-D Offset Voltage: DN26, Pg. 1

A·DBBits
Half Flash 8 Bit AID Digitizes Photodiodes: AN33, Pg. 1
Data Acquisition Board: AN34, Pg. 1
Cascading for 9 Bit Resolution: LTC1099 OS

A·D 10Bits
Fully Isolated A-D(10 Bit at 175V Iso.): AN11, Pg. 12
Simple, Fast A·D (10 Bit): AN13, Pg. 20
1.5V A-D Powered (10 Bit): AN15, Pg. 2
Micropower A-D (10 Bit, 100lls): AN23, Pg. 9
Interfacing LTC1090 to 8051: AN26A, Pg. 1
Interfacing LTC1090 to MC68HC05: AN26B, Pg. 1
Interfacing LTC1090 to MC68HC11: AN26B, Pg.1
Interfacing LTC1090 to HD63705VO: AN26C, Pg. 1
Interfacing LTC1090 to COP800: AN26D, Pg. 1
Interfacing LTC1090 to TMS7000: AN26E, Pg. 1
Interfacing LTC1090 to COP400: AN26F, Pg. 1
Interfacing LTC1091 to 8051: AN26G, Pg. 1
Interfacing LTC1091 to 68HC05: AN26H, Pg. 1
Interfacing LTC1091 to 68HC11: AN26H, Pg. 1
Interfacing LTC1091 to COP800: AN261, Pg. 1
Interfacing LTC1091 to HD6305VO: AN26L, Pg. 1
Interfacing LTC1091 to HD63705VO: AN26L, Pg. 1
Interfacing LTC1091/2 to TMS320C25: AN26N, Pg. 1
Data Acquisition System Uses4 Wires: DN1, Pg. 1
Auto-Zeroing AID Offset Voltage: DN26, Pg. 1
RS232 Compatible 10 Bit A-D Converter: LT1080 OS
10 Bit Serial Output A·D Converter: LT119A OS
A Quick Look Circuit for the LTC1090 10 Bit A-D System:

LTC1090 OS
Hitachi Synchronous SCI (HD63705) Interface: LTC1090 OS
Intel 8051 Interface: LTC1090 OS
Motorola SPI (MC68HC05C4) Interface: LTC1090 OS
National Microwire (COP420) Interface: LTC1090 OS
Single Chip 8 Input Data Acquisition System: LTC1090 DS



Sneak·A·Bit Code for 10 Bits Plus Sign: LTC1090 DS
2 Channel, 10 Bit Serial A·D: LTC1091 DS
A Quick Look Circuit forthe LTC1091: LTC1091 DS
Intel 8051 Interface: LTC1091 DS
Motorola SPI (MC68HC05C4, MC68HC11) Interface: LTC1091 DS

A·D 12Bits
12 Bit A·D: AN3, Pg. 12
SAR Converter (12 Bit, 5/1s):AN13, Pg. 19
Successive Approximation A·D Converter (12 Bits, 12/1s):

AN17, Pg.1; LT1011 DS
A·D Converter (12 Bits, 7.5/1s): AN17, Pg. 3
Successive Approximation A·D Converter (12 Bits, 1.8/1s):

AN17, Pg. 6
Micropower A·D (12 Bit, 300/ls): AN23, Pg. 7
Interfacing LTC1290 to 8051: AN36A, Pg.1
Interfacing LTC1290 to MC68HC05: AN36B, Pg. 1
Interfacing LTC1290 to MC68HC11: AN36B, Pg. 1
Interfacing LTC1290 to COP800: AN36D, Pg. 1
Interfacing LTC1290 to TMS77 42 MCU: AN36E, Pg. 1
Interfacing LTC1290 to COP400: AN36F, Pg. 1
Interfacing LTC1290 to Z·80 MPU: AN360, Pg. 1
4/1s, 12 Bit SAR Converter: LT1016 DS
12 Bit Charge Balance Analog to Digital Converter: LT1055 DS
12 Bit ~·D Converter: LT1058 DS
Single Chip Data Acquisition System: LTC1290 DS

A·D 1BBits
Analog to Digital (16 Bits): AN9, Pg. 16
16 Bit Analog to Digital Converter: LTC1052 DS

AC·DC
Synchronous Rectifier Based AC-DC Converter

(OVRMS-1.5VRMS to OV-1.5V): AN13, Pg. 21

Acquisition
PC Based Data Acquisition: AN34, Pg. 1
New Data Acquisition Systems Communicate with

Microprocessors Over 4 Wires: DN1, Pg. 1
Data Acquisition System Showing Sample and Hold

Synchronizing Circuitry: DN2, Pg. 1
Opto Isolated, Multichannel Data Acquisition System

(10 Bit, 500V Iso.): DN10, Pg. 2
Closed Loop Control with the LTC1090: DN13, Pg. 1

Two Wire Isolated and Powered 10 Bit Data Acquisition System:
DN19, Pg.1

12 Bit Data Acquisition Systems Communicate with
Microprocessors Over 4 Wires: DN22, Pg. 1

Capacitance·Pulse Width
Capacitance to Pulse Width Converter: LT1011 DS

DC·AC
Sine Wave Output Converter (115VAC): AN8, Pg. 11
LT1074 Based 400Hz Sinewave Output (28V to 110VAC):

AN35, Pg.15

DC·DC- See Regulator-Switching

Discussion
V·F, Techniques: AN14, Pg. 18
Successive Approximation Techniques: AN17, Pg. 8
Thermal RMS·DC Converters: AN22, Pg.1; LT1088 DS
Analog Considerations for Interfacing the LTC1090 10 Bit Data

Acquisition System: LTC1090 DS
Analog Considerations for Interfacing the LTC1091: LTC1091 DS

F·V
Frequency to Voltage: AN3, Pg. 11

Pulse Width-Voltage
Pulse Width to Voltage Converter: LF198 DS

RMS·DC
50MHz Thermal RMS to DC Converter: AN5, Pg. 4; LT1013 DS
Thermal RMS·DC Converter (100MHz): AN22, Pg. 5; LT10BS DS
Fast Settling RMS·DC Converter: AN22, Pg. 9; LT1088 DS
Servo-Sensed Heater Protection Circuit: AN22, Pg. 10
50MHz Thermal RMS·DC Converter: LTC1043 DS

V·F
Voltage to Frequency (OkHz-30kHz, OV-3V): AN3, Pg.11;

LTC1043 DS
Offset Stabilizing a V·F Converter: AN9, Pg. 12
Voltage to Frequency (1Hz-1.25MHz, OV-5V): AN9, Pg. 13
Voltage to Frequency (1Hz-30M Hz, OV-3V): AN9, Pg. 15
Voltage to Frequency (1HZ-10MHz, OV-10V): AN13, Pg. 9;

LT1016 DS
Quartz Stabilized, Voltage to Frequency (1Hz-30MHz, OV-10V):

AN13, Pg. 11
Voltage to Frequency (1Hz-100MHz, OV-10V: King Kong V·F):

AN14, Pg.2



Fast Response Voltage to Frequency (1Hz-2.5MHz, OV-5V):
AN14, Pg. 4

Quartz Stabilized Voltage to Frequency (OV-10V to OkHZ-10kHz):
AN14, Pg.6

Ultra Linear Voltage to Frequency Converter (100kHz-1.1 MHz):
AN14, Pg. 7

1.5V Voltage to Frequency Converter (1Hz-1kHz, OV-1V):
AN14, Pg. 9

1N to Frequency Converter (OV-10V to 1kHz-2Hz): AN14, Pg. 12
Charge Pump 1N to Frequency (OV-5V to 10kHz-50Hz):

AN14, Pg.13
Exponential to Frequency (OV-10V to 20Hz-20kHz):

AN14, Pg.15
1.5V Voltage to Frequency Converter (OV-1V to 25Hz-10kHz):

AN15, Pg.1
Micropower V·F Converter (OV-5V to OkHz-10kHz): AN23, Pg. 11
Micropower V·F Converter (OV-5V to OMHz-1MHz): AN23, Pg. 13;

LT1006 DS
Extended Range Charge Pump Voltage to Frequency Converter:

LT1008 DS
Voltage to Frequency Converter (10Hz-100kHz): LT1011 DS
Voltage to Frequency Converter (1Hz-1 MHz): LT1012 DS
Low Power V to F Converter: LT1018 DS
Voltage to Frequency Converter (10Hz-1 MHz): LT1022 DS
Exponential Voltage to Frequency Converter: LT1055 DS
Voltage to Frequency Converter(OHz-10kHz): LT1055 DS
Bipolar Input (AG) V·F Converter: LT1058 DS
Voltage to Frequency Converter (5kHz-2M Hz): LT119A DS
Single 5V V·F Converter: LTC1040 DS
Voltage to Frequency Converter (1HZ-1.25MHz): LTC1052 DS
Voltage to Frequency Converter (1Hz-30MHz): LTC1052 DS
Micropower V·F Converter (OV-5V to 100Hz-1 MHz): LTC201 DS

Voltage·Pulse Width
Voltage Controlled Pulse Width Generator: LT1016 DS

COUNTS THEOREM
Equation

9 Isn't 10: AN22, Pg. 4

CURRENT
Sensing

Circuit Breaker (700ns): AN1, Pg. 3

SUBJECT INDEX

Precision Current Sensing in Supply Rails: AN3, Pg. 13;
LTC1043 DS

Circuit Breaker (12ns): AN13, Pg. 24
Fast High Side, High Current Limit: AN30, Pg. 44
In Line Current Limiter: LM134 DS

Sink
Precision Current Sink: LT1001 DS

Source
Voltage Controlled Current Source with Ground Referred Input

and Output: AN3, Pg. 13; LT1013 DS
Bidirectional Current Source: AN16, Pg.19
Voltage Controlled Current Source: AN16, Pg. 20
Two Terminal Current Regulator: LM10 DS
Bilateral Current Source: LM108 DS
20mA Positive Current Source: LM129 DS
Basic Two Terminal Current Source: LM134 DS
Better Temperature Coefficient Current Source: LM134 DS
FET Cascading for Low Capacitance and/or Ultra High Output

Impedance: LM134 DS
High Precision Low TC Current Source: LM134 DS
Higher Output Current: LM134 DS
Micropower Bias: LM134 DS
Precision 10nA Current Source: LM134 DS
Precision Current Source: LT1001 DS
Ground Reference Current Source: LT1004 DS
Low Temperature Coefficient Two Terminal Current Source:

LT1004 DS
Precision Current Source (1/LA): LT1019 DS; LT1021 DS
Fast, Differential Input Current Source: LT1022 DS
Current Regulator: LT1033 DS; LT137 DS

CURRENT LOOP
Transmitter

4mA-20mA Current Loop Transmitter: AN11, Pg. 9; LT1013 DS
4mA-20mA Floating Output for Current Loop Transmitter:

AN11, Pg. 10; LT1013 DS
Digitally Controlled 4mA-20mA Current Loop Generator:

AN31, Pg. 6
2-Wire O°C to 100°C Temperature Transducer with 4mA to 20mA

Output: LTC1040 DS

DATAACQUISITION-See Converter

DC· De-see Regulator-Switching



DEFOREST, lEE
Amplifier

Amplifier: AN18, Pg. 8

DETECTORS-See Signal Conditioning

DIGITAL CIRCUITS-You Must Be Kidding

DIGITAL HELP CIRCUITS
Additional Feature Circuits

Logic System DC Isolation: LTC1045 DS

EEPROM
EEPROM Vp·p Pulse Generator: AN31, Pg. 5
EEPROM Pulse Generator: LT1013 DS

EPROMs
Vp·p Generator for EPROMs-No Trim Required: LT1004 DS

Flash Memory
Basic Flash Memory Vp·p Programming Voltage Supply:

AN31, Pg. 1; DN17, Pg. 1
High Repetition Rate Vp·p Programming Supply: AN31, Pg. 2;

DN17, Pg. 2
High Power, High Repetition Rate Vp·p Pulse Generator:

AN31, Pg. 3
Vp·p Handshake Circuit: AN31, Pg. 4

Supply Monitor
AC·DC Dropout Detector: AN31, Pg. 7
Power Supply Monitor: DN20, Pg. 2
6V Battery Levell nd icator: LM 10 DS
Lead Acid Low Battery Detector: LT1004 DS
Battery Voltage Sensing Circuit: LT1005 DS; LT1035 DS
5V Powered Supply Monitor: LT1017 DS
Delay On Power Up: LT1017 DS
Power Supply Monitor: LT1018 DS
TIL Power Supply Monitor: LTC1042 DS

WatchDog
Watch Dog Timer: AN31, Pg. 10

DRAWER
Inductor

Inductor Selection: AN35, Pg. 22

DRIFT
Discussion

Minimizing Thermal EMFs: AN9, Pg. 2

DRIVERS/RECEIVERS-See Interface Circuits

FilTER-ACTIVE RC
Lowpass

Precision, Fast Settling, Lowpass Filter: LT1oo8 DS; LT1011 DS

FilTER-SWITCHED CAPACITOR
Bandpass

Clock Sweepable Pseudo Bandpass Filters: AN24, Pg. 4
4th Order Butterworth BPF, fo =2kHz: AN27 A, Pg. 1
Cascading Identical Sections 4th Order BPF at 150Hz:

AN27A, Pg.4
Mode 24th Order BPF at 150Hz: AN27 A, Pg. 5
8th Order Chebyshev BPF at 1o.2kHz: AN27A, Pg. 13
Wideband DC Accurate BPF: DN9, Pg. 1
10Hz-1000Hz BPF: DN24, Pg. 1
10Hz-100Hz BPF: DN24, Pg. 1
400Hz-10kHz BPF: DN24, Pg. 1
High Frequency Clock Tunable Bandpass Filter: LTC1043 DS
Wide Range 2nd Order Bandpass/Notch Filter with Q = 10:

LTC1059 DS
Singie 5V, Gain of 1000 4th Order Bandpass Filter: LTC106o DS
6th Order Elliptic Bandpass Filter Centered Around 2600Hz:

LTC1061 DS
6th Order, Clock Tunable, 0.5dB Ripple Chebyshev BPF:

LTC1061 DS
Bandpass wlTwo Notches (- 60dB Stopband): LTC1064 DS
C Message Filter: LTC1064 DS
Quad Bandpass Filter: LTC1064 DS
Wideband (2:1) Bandpass: LTC1064 DS

Bandreject-See Notch

Design
FilterCAD User's Manual: AN38, Pg. 1

Discussion
Application Considerations for an Instrumentation Lowpass

Filter: AN2o, Pg. 1
Cascading Identical BPF Sections: AN27 A, Pg. 5
Simple 2nd Order BP Filters: AN27A, Pg. 6
Bandpass Filters: AN27A, Pg.1
Chebyshev or Butterworth (BPF)?: AN27A, Pg. 13
Take the Mystery Out of the SCF: AN4o, Pg. 1
Circuit Board Layout Considerations: AN4o, Pg. 2
Power Supplies: AN4o, Pg. 5



Offset Voltage Nulling Techniques: AN40, Pg. 7
Aliasing: AN40, Pg. 9
Slew Limiting: AN40, Pg. 9
What Kind of Filter to Use: AN40, Pg.12
Step Response of Various Filters: AN40, Pg. 13
Frequency Response of Various Filters: AN40, Pg. 14
How Stable is My Filter?: AN40, Pg. 16
THD and Dynamic Range: AN40, Pg. 16
THD in Active RC Filters: AN40, Pg. 18
Clock Jitter: AN40, Pg. 20
Clock Feedthru: AN40, Pg. 21
Square Wave to Sine Wave Converter: AN40, Pg. 23
SCF LPF for Anti·Aliasing Applications: DN16, Pg. 1
Complex Data Acquisition System, Few Components:

DN24, Pg.1
Comments on Modes of Operation: LTC1060DS
Definition of Filter Functions: LTC1060 DS
LTC1060Offsets: LTC1060 DS
Modes of Operation: LTC1060DS
Modes of Operation: LTC1061 DS
Analog Considerations: Grounding and Bypassing: LTC1064DS
Buffering, Offset Nulling and Noise: LTC1064 DS
Using Schottky Diodes to Protect the IC: LTC1064·1DS

Highpass
6th Order Elliptic Highpass Filter with Clock to Cutoff Ratio:

250:1: LTC1061 DS

Lowpass
RC to Eliminate Clock Feedthrough and Improve HF

Attenuation Floor: AN20, Pg. 4
Single Supply LTC1062:AN20, Pg. 4
Cascading Two LTC1062's: AN20, Pg. 7
Cascading Two LTC1062's Using the First LTC1062's Buffered

Output: AN20, Pg. 7
Low Offset, 12th Order, Max Flat Lowpass Filter: AN20, Pg. 8
A Lowpass Filter with a 60Hz Notch: AN20, Pg. 10
A Low Frequency, 5Hz Filter: AN20, Pg.11
Using Input Divider to Accommodate High Voltages:

AN24, Pg. 7
Using the LTC1062with Op Amps Operating from ± 15V Power

Supply: AN24, Pg. 7
Using a Multiplexer to Obtain Four Different Cutoff

Frequencies: AN24, Pg. 8

8Hz 5th Order Butterworth LPF: DN7, Pg. 1
10Hz DC Accurate Bessel LPF: DN9, Pg. 1
8th Order Cauer 40kHz LPF: DN16, Pg. 1
6th Order Butterworth Lowpass Filter, Cutoff to 45kHz:

LTC1061DS
6th Order Chebyshev Filter Using Three Different Modes for

Speed Optimization: LTC1061 DS
7th Order Lowpass Elliptic Filter: LTC1061 DS
10Hz 5th Order Butterworth Lowpass Filter: LTC1062 DS
100Hz, 50Hz, 25Hz, 5th Order DC Accu rate LP Fi Iter:

LTC1062 DS
5th Order Lowpass Filter with a 60Hz Notch: LTC1062 DS
5th Order Lowpass Filter: LTC1062DS
7th Order 100Hz Lowpass Filter with Continuous Filtering,

Output Buffering: LTC1062DS
Filtering AC Signals from High DC Voltages: LTC1062 DS
Octave Tuning with a Single Input Clock: LTC1062 DS
Simple Cascading Technique-LTC1062: LTC1062 DS
Single 5V Supply 5th Order LP Filter: LTC1062DS
8th Order Bessel w/65:1 fCLKIfO: LTC1064DS
8th Order Cauer Cutoff up to 100kHz: LTC1064 DS
8th Order Chebyshev up to 100kHz, 0.1dB Ripple: LTC1064 DS
8th Order Elliptic to 50kHz, 0.1dB Ripple: LTC1064 DS
Dual 4th Order Bessel to 140kHz: LTC1064DS
Dual 5th Order Chebyshev 50/100kHz Cutoff: LTC1064 DS
8th Order Elliptic Anti·Aliasing Filter: LTC1064-1DS
Buffering the Filter Output: LTC1064·1DS
Dual 5th Order Elliptic/Bessel: LTC1064·1DS
Output Buffer Eliminates Clock Feedthrough: LTC1064-1DS
Transitional Elliptic/Bessel 10th Order: LTC1064·1DS
8th Order Butterworth to 140kHz: LTC1064·2DS
8th Order Bessel to 100kHz: LTC1064·3DS
8th Order Elliptic to 100kHz: LTC1064·4 DS

Noise
Bandpass Filters and Noise: AN40, Pg. 19
Noise in Switched Capacitor Filters: AN40, Pg. 19
LTC1060Wideband RMS Noise: LTC1060 DS
Wideband RMS Noise: LTC1061 DS

Notch
Using the LTC1062to Create a Notch: AN20, Pg. 9
A Lowpass Filter with a 60Hz Notch: AN20, Pg. 10
Clock Tunable Notch Filter: AN24, Pg. 6



Wide Range 2nd Order Bandpass/Notch Filter with Q = 10:
LTC1059 DS

6th Order Bandreject Filter with 65dB Notch Depth: LTC1061 DS
6th Order Elliptic Notch Centered at 2600Hz: LTC1061 DS
5th Order Lowpass Filter with a 60Hz Notch: LTC1062 DS
60dB Notch Tunable 30kHz-90kHz: LTC1064 DS

Output Offsets
LTC1060 Offsets: LTC1060 DS
Equivalent Input Offsets of LTC1061: LTC1061 DS
Table 4 Shows Output Offsets for Mode 1, 1b, 2 and 3:

LTC1061 DS
Output DC Offsets, One 2nd Order Section: LTC1064 DS

FLOW MEASUREMENT -See Signal Conditioning

FUNCTION GENERATOR
Ramp

Ramp Generator with Variable Reset Level: LF198 DS
Staircase Generator: LF198 DS

Tri·Wave
Precise Tri-Wave Generator: LT1018 DS

GAS SENSOR-See Signal Conditioning

GROUND PLANES
Discussion

About Ground Planes: AN 13, Pg. 29

HELP
Linear Technology Corporation

Call Applications: 408-432-1900

HEWLETT, W. R.
Oscillator

"A New Type Resistance-Capacity Oscillator" M.S. Thesis,
Stanford University 1939: AN5, Pg. 8

INDUCTANCE
DC·DC

Inductor Selection for Flyback Converters: AN29, Pg. 38

Equivalent
Generating Negative Output Impedance: LM134 DS

INSTRUMENTATION AMPLIFIER-See Amplifier

INTERFACE CIRCUITS
Coax

Coax Cable Driver/Receiver: LTC1045 DS

High Speed
High Speed Dual Line Driver: LT1015 DS

Level Translator
nUCMOS Logic Levels to ± 5V Analog Switch Driver:

DN20, Pg.1
ECL to CMOS from Single + 5V Supply: LTC1045 DS
ECL to CMOSmL Logic: LTC1045 DS
High Voltage CMOS (Vcc = 15V) to nUCMOS (Vcc = 5V):

LTC1045 DS
Logic Ground Isolation: LTC1045 DS
nUCMOS Logic Levels to ± Analog Switch Driver:

LTC1045 DS

Ribbon Cable
Flat Ribbon Cable Driver/Receiver: LTC1045 DS

RS232
Sharing a Receiver Line: LT1080 DS
New Developments in RS232 Interfaces: DN4, Pg. 1
5V Powered RS232 Driver/Receiver: DN4, Pg. 2
Extending the Applications of 5V Powered RS232 Transceiver:

DN14, Pg. 1
RS232 Receiver: DN20, Pg. 2
2500V Isolated 5·Driver/5-Receiver RS232 Transceiver:

DN27, Pg. 1,2
Design Considerations for RS232 Interfaces: DN27, Pg. 1
A-D Converter Interface: DN29, Pg. 1
Single Supply RS232 Interface for Bipolar AID Converters:

DN29, Pg.1
Fast Turn-On Transceiver with Automatic SHUTDOWN Control:

DN30, Pg.1
Quad Low Power Line Driver: LT1030 DS
Quad Low Power Line Driver: LT1032 DS
Keeping Alive One Receiver While in Shutdown: LT1039 DS
LT1080 Driving an LT1039: LT1039 DS
RS232 Compatible Shutdown Control Line: LT1039 DS
RS232 Driver/Receiver with Shutdown: LT1039 DS
Sharing a Transmitter Line: LT1039 DS; LT1080 DS
Transceiver: LT1039 DS; LT1080 DS
5V Powered RS232 Driver/Receiver with Shutdown: LT1080 DS
Operating with + 5Vand + 12V Supplies: LT1130 DS; LT1180 DS



Paralleling Power Supply Generator with Common Storage
Capacitors: LT1130 DS

RS232 Transceiver with Power Supply Generator: LT1130 DS
5V Powered RS232 Driver/Receiver with Shutdown and Small

Capacitors: LT1180 DS
RS232 Receiver: LTC1045 DS

RS485
Differential Bus Transceiver: LTC485 DS

LEVEL DETECTOR-See Signal Conditioning

LEVEL SHIFT-See Comparator

LVDT-See Signal Conditioning

MEMORY
Discussion

A Primeron Flash Memory: AN31, Pg. 12
Preventing Memory Destruction: AN31, Pg. 14

EEPROM
EEPROM Vp-p Pulse Generator: AN31, Pg. 5
EEPROM Pulse Generator: LT1013 DS

EPROMs
Vp-p Generator for EPROMs-No Trim Required: LT1004 DS

Flash
Basic Flash Memory Vp-p Programming Voltage Supply:

AN31, Pg. 1
High Repetition Rate Vp·p Programming Supply: AN31, Pg. 2
High Power, High Repetition Rate Vp·p Pulse Generator:

AN31, Pg. 3

Save
Memory Save On Power Down: AN31, Pg. 8

METHANE DETECTOR-See Signal Conditioning

MICROPOWER
A·D

Micropower A-D (12 Bit, 300/ls): AN23, Pg. 7
Micropower A-D (10 Bit, 100/ls): AN23, Pg. 9

Comparator
Refrigerator Alarm: LT1017 DS

DC·DC
Low Quiescent Current Flyback Regulator (150/lA, 6V to 12V):

AN29, Pg. 9; DN11, Pg. 2

Discussion
Some Guidelines for Micropower Design: AN23, Pg. 18
Sampling Techniques and Components for Micropower

Circuits: AN23, Pg. 21
Parasitic Effects of Test Equipment on Micropower Circuits:

AN23, Pg. 23

Instrumentation Amplifier
Precision, Micropower, Single Supply Instrumentation

Amplifier: LT1101 DS

OpAmp
Low Power Chopper Stabilized Op Amp with Internal

Capacitors (200/lA): LTC1049 DS

Sample and Hold
Micropower Sample and Hold: AN23, Pg. 10; LT1006 DS

Strain Gauge
Sampled Strain Gauge Bridge Signal Conditioner: AN23, Pg. 3
Strobed Power Bridge Signal Conditioner: AN23, Pg. 4

Temperature Sensor
Platinum RTD Signal Conditioner with Curvature Correction

(2°C-400°C): AN23, Pg 1; LT1006 DS
Thermocouple Signal Conditioner with Cold Junction

Compensation (0°C-60°C): AN23, Pg. 2; LT1006 DS
Thermistor Based Current Loop Signal Conditioner

(0°C-1 OO°C): AN23, Pg. 5
Wall Type Thermostat: AN23, Pg. 6
Freezer Alarm: AN23, Pg. 7
Micropower Cold Junction Compensation for Thermocouples:

LT1004 DS
Micropower, Battery Operated, Remote Temperature Sensor:

LT1101 DS
Ultra Low Power 50°F to 1OO°FThermostat: LTC1041 DS

V·F
Micropower V·F Converter (10kHz): AN23, Pg. 11
MicropowerV·F Converter (1MHz): AN23, Pg. 13; LT1006 DS
Low Power V-F Converter: LT1018 DS
Micropower V-F Converter (OV-5V to 100Hz-1 MHz): LTC201 DS

Voltage Reference
Self-Buffered Micropower Reference: DN23, Pg. 1; LT1178 DS
Low Input Voltage Reference Driver: LM134 DS
Micropower5V Reference: LM185 DS; LM134 DS
Micropower Voltage Reference: LT1004 DS



Voltage Regulator
Buck Switching Regulator (5.8V-10V to 5V): AN23, Pg. 15
Post Regulated Switching Regulator (6V-10V to 5V):

AN23, Pg.16
Micropower Pre-Regulated Linear Regulator: AN32, Pg. 8
Micropower Regulator with Comparator and Shutdown:

LT1120DS

MODElS-see Section 3

Macromodel-See Section 3
LT1014 Op Amp SPICE Macromodel: DN12, Pg.1
A SPICE Op Amp Macromodel for the LT1012: DN28, Pg. 1

MOTOR CONTROL
Driver

Power MOSFET Driver Low Power Consumption Stepper Motor
Driver: LTC1045 DS

Speed
Motor Speed Controller: AN1, Pg. 7
Motor Speed Controller: AN4, Pg. 6
Piezo-Electric Fan Servo: AN4, Pg. 7
Motor Speed Controller, Tachless: AN11, Pg. 8
A Simple Motor Tachometer Servo Loop: AN25, Pg. 11
Motor Speed Controller Needs No Tachometer: LF198 DS
Proportional Motor Speed Controller: LT1005 DS; LT1035 DS
High Efficiency Motor Speed Controller: LT1011 DS
Motor Speed Controller, No Tachometer Required: LT1013 DS
Motor Speed Servo: LT1054 DS
Motor Speed Controller: LTC1041 DS

NOISE-See Also Amplifier

Discussion
Minimizing: AN9, Pg. 3
Noise Calculation in Op Amps: DN15, Pg. 1
Voltage Noise vs Current Noise: LT1028 DS

OP AMP-See Amplifier

OPTICS
Photodiode Affay

Optic to Digital Converter: AN33, Pg. 1

Receiver
Fast Fiber Optic Receiver (10M Hz): AN13, Pg. 23

OSCILLATORS
Crystal

Temperature Compensated Crystal Oscillator, TXCO:
AN3, Pg.15

Crystal Stabilized Relaxation Oscillator: AN12, Pg. 2;
LT1011 DS; LT311A DS

Gate Oscillators: AN12, Pg. 2
Crystal Oscillator (10MHz-25MHz): AN12, Pg. 3; AN31, Pg. 11;

LT1016 DS
Osciliator(1MHz-10MHz): AN12, Pg. 3; AN31, Pg. 11; LT1016 DS
Ovenized Oscillator: AN12, Pg. 3
Temperature Compensated Crystal Oscillator, TXCO:

AN12, Pg.4
Voltage Controlled Crystal Oscillator (VCXO): AN12, Pg. 5
1.5V Temperature Compensated Crystal Oscillator (3.5MHz):

AN15, Pg. 6
Low Frequency Crystal Oscillator Clock: AN31, Pg.11
Temperature Compensated Crystal Oscillator: LT1013 DS
Low Distortion, Crystal Stabilized Oscillator: LT1057 DS

Discussion
Quartz Crystal Oscillator: AN12, Pg. 8

Half Sine Wave
A Half-Sine Reference Generator: AN35, Pg. 28

Pulsed
Temperature Compensated Crystal Oscillator, TXCO:

AN3, Pg.15
Crystal Stabilized Relaxation Oscillator: AN12, Pg. 2;

LT1011 DS;LT311ADS
Gate Oscillators: AN12, Pg. 2
Crystal Oscillator (10M Hz-25M Hz): AN12, Pg. 3; LT1016 DS
Osciliator(1MHz-10MHz): AN12, Pg. 3; LT1016 DS
Ovenized Oscillator: AN12, Pg. 3
Temperature Compensated Crystal Oscillator, TXCO:

AN12, Pg. 4
Reset Stabilized Oscillator: AN12, Pg. 6
Stable RC Oscillator: AN12, Pg. 7; LT1011 DS; LT1016 DS
1.5V Temperature Compensated Crystal Oscillator (3.5MHz):

AN15, Pg. 6
Low Frequency Square Wave Generator: LM101 DS
Temperature Compensated Crystal Oscillator: LT1013 DS
Phase Shift Oscillator: LT1032 DS



Sine Wave
Low Distortion Sine Wave: AN5, Pg. 8
Voltage Controlled Sine Wave Oscillator: AN12, Pg. 5
Voltage Controlled Sine Wave Oscillator (1Hz-1 MHz):

AN13, Pg. 13
Sine Wave Output VCO (1Hz-100kHz): AN14, Pg. 10
Wein Bridge Sine Wave Oscillator: LM101 DS
Ultra Pure Sine Wave Generator: LT1007DS; LT1022DS
Super Low Distortion Variable Sine Wave Oscillator: LT1028DS
Low Distortion, Crystal Stabilized Oscillator: LT1057DS

Synchronized
Synchronized Oscillator: AN12, Pg. 6
High Noise Immunity Line Synchronization Circuit:

AN31, Pg. 12

V·F-See Converters

VCO
Voltage Controlled Crystal Oscillator (VCXO):AN12, Pg.5
Voltage Controlled Sine Wave Oscillator (1Hz-1 MHz):

AN13, Pg. 13
Sine Wave Output Voltage to Frequency (1Hz-100kHz):

AN14, Pg. 10; LT1055DS
Voltage Controlled Crystal Oscillator: LT319ADS

OSCILLOSCOPE
Discussion

Evaluating Oscilloscope Overload Performance: AN10, Pg.6
Considerations for High Speed Work: AN13, Pg. 8
Probes and Oscilloscopes: AN13, Pg. 27
Measuring Equipment Response: AN13, Pg.30

OTT PROCESS
Thermal

High Thermal Resistance Die Attach: AN22, Pg. 4

PEAK DETECTOR
Negative

Negative Peak Detector: LT1011DS; LT311ADS

Positive
Positive Peak Detector: LT1011DS; LT311ADS

PERSONAL COMPUTER
Data Acquisition

Data Acquisition DC to 20kHz: AN34, Pg. 1

Discussion
Unique Applications for the LTC1062Lowpass Filter:

AN24, Pg. 1

Filter-Switched Capacitor
DC Accurate Fiter Eases PLL Design: DN7, Pg. 1

PHILBRICK, GEORGE A.
Analog

Analog Functions: AN35, Pg. 28

PHOTODIODE-See Signal Conditioning

PLATINUM RTD-See Signal Conditioning

POWER MOSFET DRIVER
Cascoded

Cascoded NMOS: AN25, Pg.6

NMOS
Bootstrapped NMOS Gate Drive: AN29, Pg.18
Bootstrapped NMOS Gate Drive: AN30, Pg.44

PMOS
PMOS Driver: AN29, Pg. 23

POWER SUPPLY -See Regulator-Voltage
POWER SUPPLY SUPERVISORY CIRCUITS-See

Digital Help Circuits

PREAMPLIFIER-See Amplifier

PRESSURE MEASUREMENT -See Signal Conditioning

PROBES
Current

Techniques and Equipment for Current Measurement:
AN35, Pg.24

High Impedance
High Impedance Buffer: AN23, Pg. 24

Oscilloscope
Probes and Oscilloscopes: AN13, Pg. 27

PROGRAMMING
Don't Be Silly

CLanguage
A "C" Cruise Through Data Acquisition: AN34, Pg. 1



SUBJECT INDEX

REFERENCE-AC
Half Sine Wave

A Half·Sine Reference Generator: AN35, Pg. 28

REFERENCE-CURRENT -See Also Current
Sink

Precision Current Sink: LT1001 DS

Source
Precision Current Source: LT1001 DS
Precision Current Source (1~A): LT1019 DS

REFERENCE-VOLTAGE
Herminal

10V Buffered Reference Using a Single Supply: LM129 DS;
OP07 DS

6.9V Reference: LM129 DS
1.235V Micropower Reference: LT1004 DS; LT1034 DS
1.25V Reference: LT1004 DS
2.5V Reference: LT1004 DS; LM185 DS
Low Noise Reference: LT1004 DS

3·Terminal
Wide Supply Range: LM136 DS
2.5V Reference, ± 5V Trim Range: LT1009 DS; LM136 DS
Low Noise 2.5V Buffered Reference: LT1009 DS; LM136 DS
Switchable ± 1.25V Bipolar Reference: LT1009 DS; LM136 DS
Wide Supply Range, Adjustable Reference: LT1009 DS
Split ± 2.5V References: LT1029 DS
Trimming Output to 5.120V: LT1029 DS

Cu"ent Boost
Precision High Current Reference (1.5A): AN2, Pg. 7
Handling Higher Load Currents: LT1019 DS; LT1021 DS;

LT1031 DS
Output Current Boost with Current Limit: LT1019 DS; LT1021 DS;

LT1031 DS
Boosted Output Current with No Current Limit: LT1021 DS;

LT1031 DS

Discussion
Heat Mode Reduces Temperature Drift to Less Than 2ppm/oC:

LT1019 DS
Output Trimming: LT1019 DS
Effects of Air Movement on Low Frequency Noise: LT1021 DS
Trimming Output Voltage: LT1021 DS
Application Hints for Ultra·Precision Reference: LTZ1000 DS

High Voltage
Ultra Precision Variable Voltage Reference (7.45ppm/°C):

AN6, Pg.6

Low Noise
Low Noise Reference: LT1004 DS
2·Pole Lowpass Filtered Reference: LT1021 DS; LT1031 DS
Low Noise Reference: LTZ1000 DS

Micropower
Self·Buffered Micropower Reference: DN23, Pg.1; LT1178 DS
Micropower 5V Reference: LM185 DS; LM134 DS
1.235V Micropower Reference: LT1004 DS
2.5V Micropower Reference: LT1004 DS
Micropower 5V Reference: LT1004 DS

Negative
Ultra Precision Inverter: AN3, Pg. 14
Negative 10V Reference for CMOS DAC: LT1019 DS; AD580 DS
Negative Series Reference: LT1019 DS; LT1021 DS; AD580 DS
Basic Negative Reference: LT1021 DS; LT1031 DS; AD580 DS
CMOS DAC with Low Drift Full Scale Trimming: LT1021 DS
Negative Shunt Reference Driven by Current Source:

LT1021 DS; LT1031 DS
Negative Voltage Reference: LTZ1000 DS

Precision
10V Buffered Reference: LM199 DS
6.95V Reference: LM199 DS
Portable Calibrator: LM199 DS
Standard Cell Replacement: LM199 DS
Precision ± 10V Reference: LT1002 DS
Buffered Reference for A to D Converters: LT1012 DS
Heat Mode Reduces Temperature Drift to Less than 2ppm/oC:

LT1019 DS
Operating 5V Reference from 5V Supply: LT1021 DS
Precision DAC Reference with System TC Trim: LT1021 DS;

LT1031 DS
Restricted Trim Range for Improved Resolution: LT1021 DS;

LT1019 DS

Standard Cell
Standard Grade Variable Voltage Reference: AN9, Pg. 5
Saturated Standard Cell Amplifier: LT1008 DS; LT1012 DS



Ultra Precision
Ultra Precision Variable Voltage Reference (7.45ppm/°C): AN6,

Pg. 6; LT1001 DS; LT1002 DS
7V Positive Reference: LTZ1000 DS
Adjusting Temperature Coefficient in Unstabilized Application:

LTZ1000 DS
Averaging Reference Voltages for Lower Noise and Better

Stability: LTZ1000 DS
Low Noise Reference: LTZ1000 DS

REGULATOR-CURRENT -See Also Current

Source
Two Terminal Current Regulator: LM10 DS
Current Regulator: LT1033 DS

REGULATOR-SWITCHING
Boost

Single Cell Up Converter (1.5V to 5V): AN8, Pg. 8; AN30, Pg. 8
Up Converter (6V to 15V): AN8, Pg. 9; LT1013 DS; AN30, Pg. 7
Single Inductor, Dual Polarity Regulator (6V to ± 15V):

AN8, Pg. 10; LT1013 DS; AN30, Pg. 9
Boost Converter (1.5V to 5V): AN15, Pg. 7; AN30, Pg. 8;

LT1018 DS
Boost Converter (5V to 12V): AN19, Pg. 13; AN25, Pg. 2;

AN30, Pg. 5
Voltage Boosted Boost Converter (15V to 100V): AN19, Pg. 37;

AN30, Pg. 5; LT1070 DS
Negative Boost Regulator (-15V to - 28V): AN19, Pg. 38;

AN30, Pg. 5; LT1070 DS
Current Boosted Boost Converter (16V-24V to 28V): AN19, Pg. 40;

AN30, Pg. 5; LT1070 DS
Low Noise Converter (5V to ± 15V): AN29, Pg. 2; AN30, Pg. 11
Ultra Low Noise Sine Wave Drive (5V to ± 15V): AN29, Pg. 4;

AN30, Pg. 12
Single Inductor Regulated Converter (5V to ± 15V): AN29, Pg. 6;

AN30, Pg.10
Low Quiescent Current Flyback Regulator (150IlA, 6V to 12V):

AN29, Pg. 9; DN11, Pg. 2; AN30, Pg. 6
200mA Output Converter (1.5V to 5V): AN29, Pg.15; AN30, Pg. 7
Single Inductor Dual Output Converter (5V to ± 15V):

AN30, Pg.13
Basic Flash EERPOM Vp-p Pulse Generator (5V to 12.75Vor

12.00V): DN17, Pg. 2; AN30, Pg. 43

SUBJECT INDEX

High Repetition Rate Vp-p Pulse Generator (5V to 12.75V or
12.00V): DN17, Pg. 2; AN30, Pg. 43

Up Converter (1.5V to 5V): LM10 DS; AN30, Pg. 8
Regulated Up Converter (5V to 10V): LT1018 DS; AN30, Pg. 8
Negative Boost Converter (- 4.5V to -15V to -15V):

LT1074 DS
100kHz Boost Converter (5V to 12V): LT1172 DS

Buck
Linear Regulator with Switching Pre-Regulator (28V to Adj.):

AN2, Pg. 3; AN30, Pg. 31
High Current Low Dissipation Pre-Regulated Linear Regulator

(OV-35V, OA-10A): AN2, Pg. 4; AN30, Pg. 33; LT1083 DS
Low Power Switching Regulator (9V to 5V): AN8, Pg. 4; AN30,

Pg. 17; LT1013 DS
Switching Pre-Regulator Linear Regulator (9V to 5V): AN8, Pg. 5;

AN30, Pg. 17; LT1013 DS
Negative Buck Converter (- 20V to - 5.2V): AN19, Pg. 17;

AN30, Pg. 16; LT1070 DS
Positive Buck Converter: AN19, Pg. 23; AN30, Pg. 15; LT1070 DS
Micropower Switching Regulator (5.8V-10V to 5V): AN23, Pg. 15;

AN30, Pg.17
Micropower Post Regulated Switching Regulator (6V-10V

to 5V): AN23, Pg. 16; AN30, Pg. 32
Low Quiescent Current Buck Converter (150~,8V-16V to 5V):

AN29, Pg. 12; AN30, Pg.14
90% Efficient Positive Buck with Synchronous Switch

(9.5V-14.5V to 5V): AN29, Pg. 18; AN30, Pg. 16
Positive Buck Converter (15V-35V to 5V): AN29, Pg. 23;

AN30, Pg. 13
High Power Linear Regulator with Switching Pre-Regulator:

AN29, Pg. 25; AN30, Pg. 30; LT1083 DS
Positive Buck Converter (7V-15V to 5V, 250mA): AN30, Pg. 15
Buck Regulator, 1A (8V-30V to 5V): AN30, Pg. 18; LT3524 DS
Low Dissipation Regulator (10V-20V to 5V): AN30, Pg. 32;

LT1035 DS; LT1036 DS
Switching Pre-Regulated for Wide Input Voltage Range

(7.5V-30V to 5V): AN30, Pg. 33; LT1020 DS
High Current P9sitive Buck with Bootstrapped NMOS Gate

Drive (15V-35Vto 5V): AN30, Pg. 44
A Practical Step Down Regulator Using the LT1074

(10V-60V to 5V): AN35, Pg. 2



Coupled Inductor Provides Positive and Negative Outputs
(28V to 15V, - 5V): AN35, Pg. 3

"Current Boosted" Step Down Regulator (20V-30V to 5V):
AN35, Pg. 5

A (Better) Negative Output Step Down Regulator (- 5V Output):
AN35, Pg. 5

A Simple Loop Reduces Quiescent Current to 150llA (12V to 5V):
AN35, Pg. 7

Adjustable Linear Post·Regulator Maintains Efficiency
(35V to 1.2V-28V): AN35, Pg. 7

Gives Better Regulation While Maintaining 150llA Quiescent
Current (12V to 5V): AN35, Pg. 8

Floating Input Low Saturation Loss Buck Regulator:
DN21, Pg. 2

Current Boosted Buck (20V-30V to 5V, 10A): LT1074 DS
Positive Buck Converter (10V-40V to 5V): LT1074 DS

Buck-Boost
Negative to Positive Buck·Boost Converter ( - 40V to - 60V

to 5V): AN19, Pg. 20; AN25, Pg. 4; AN29, Pg. 21
Positive to Negative Buck·Boost Converter (10V-30V to -12V):

AN19, Pg. 39; AN30, Pg. 19; LT1070 DS
Positive Buck·Boost Converter (15V-35V to 28V): AN29, Pg. 24;

AN30, Pg.18
Negative Output Step Down Regulator (12V to - 5V):

AN35, Pg.4
Positive to Negative Converter (4.5V-40V to - 5V): LT1074 DS

Discussion
LT1070 Operation: AN19, Pg. 3; AN25, Pg.13; AN29, Pg. 37
Basic Switching RegulatorTopologies: AN19, Pg. 8
Input and Output Capacitors: AN19, Pg. 16; AN19, Pg. 55
Layout: AN19, Pg. 16
Foldback Current Limiting: AN19, Pg. 29
Frequency Compensation: AN19, Pg. 43; AN25, Pg. 14
Eliminating Start·Up Overshoot: AN19, Pg. 45
External Current Limiting: AN19, Pg. 47
Driving External Transistors: AN19, Pg. 48
Output Rectifying Diode: AN19, Pg. 49
Switching Diodes: AN19, Pg. 50; AN25, Pg. 18
Input Filters: AN19, Pg. 51
Output Filters: AN19, Pg. 54
Inductor and Transformer Basics: AN19, Pg. 57
Trouble Shooting Hints: AN19, Pg. 64

Subharmonic Oscillations: AN19, Pg. 66
A Checklist for Switching Regulator Designs: AN25, Pg. 16
Evolution of a Switching Regulator Design: AN25, Pg. 20
DC·DC Converter Thoughts: AN29, Pg. 1
The 5V to ± 15V Converter: AN29, Pg. 33
Switched Capacitor Voltage Converters-How They Work:

AN29, Pg. 35
Inductor Selection for Flyback Converters: AN29, Pg. 38
Optimizing Converters for Efficiency: AN29, Pg. 40
Instrumentation for Converter Design: AN29, Pg. 41
The Magnetics Issue: AN29, Pg. 44
Regulator Efficiency Discussion: AN32, Pg. 1
Basic Step Down Circuit: AN35, Pg. 1
LT1074 Operation: AN35, Pg. 17
General Considerations For Switching Regulator Design:

AN35, Pg. 20
Inductor Selection·Alternate Method: AN35, Pg. 22
Techniques and Equipment for Current Measurement:

AN35, Pg. 24
Optimizing Switching Regulators for Efficiency: AN35, Pg. 26
The Magnetics Issue: AN35, Pg. 30
Inductor Selection: DN8, Pg. 1

Flyback
Flyback Converter (20V-30V to 5V): AN19, Pg. 26; AN29, Pg. 20;

AN30, Pg. 30
Totally Isolated Converter (5V to ± 15V): AN19, Pg. 30; AN30,

Pg. 21; LT1070 DS
Positive Current Boosted Buck Converter (28V to 5V): AN19,

Pg. 34; AN30, Pg. 22; LT1070 DS
Negative Current Boosted Buck Converter: AN19, Pg. 36; AN30,

Pg. 23; LT1070 DS
Negative Input·Negative Output Flyback Converter:

AN19, Pg. 36; AN30, Pg. 23; LT1070 DS
Positive Input·Negative Output Flyback Converter:

AN19, Pg. 37; AN30, Pg. 24; LT1070 DS
Fully Isolated Regulator (- 40V to - 60V to 5V): AN25,

Pg. 6; AN30, Pg. 24
Low Iq, Isolated (5V to ± 15V): AN29, Pg. 7; AN30, Pg. 25
Transformer Coupled Low Quiescent Current Converter (150IlA,

12V to 5V, ± 15V): AN29, Pg. 13; AN30, Pg. 42; DN18, Pg. 1
800ilA Output Converter (1.5V to 5V): AN29, Pg. 14; AN30, Pg. 26



High Efficiency Flux Sensed Isolated Converter (12V to 5V):
AN29, Pg. 19; AN30, Pg. 22

Input Positive, Output Negative Flyback Converter (3.5V-35V to
- 5V): AN29, Pg. 22; AN30, Pg. 21

Multi·Output Flyback Converter (12V to 5V, ± 12V): AN30, Pg. 42;
DN18, Pg.1

Forward
Forward Converter (20V-30V to 5V): AN19, Pg. 41; AN30, Pg. 27;

LT1070 DS
Push·Pull Forward Converter: LT1846 DS

Help
Who You Gonna Call: AN35, Pg. 31

High Voltage
Non·lsolated Converter (15V to 1000V): AN29, Pg. 26;

AN30, Pg. 27
Isolated Output Converter (15V to 1OOOV):AN29, Pg. 27;

AN30, Pg. 28
Converter with 20,000V Isolation (15V to 10V): AN29, Pg. 28;

AN30, Pg. 28
High Voltage Power Supply (8V-15V to 330V): AN39, Pg. 1
Parasitic Capacitance Effects in Step·Up Transformer Design:

AN39, Pg.1

High Voltage, Variable
LT1074 Permits High Voltage Output (28V to OV-500V):

AN35, Pg.12

Isolated
Totally Isolated Converter (5V to ± 15V): AN19, Pg. 30;

AN30, Pg. 21; LT1070 DS
Fully Isolated Regulator (- 40V to - 60V to 5V): AN25, Pg. 6;

AN30, Pg. 24
Low Iq, Isolated (5V to ± 15V): AN29, Pg. 7; AN30, Pg. 25
High Efficient Flux Sensed Isolated Converter (12V to 5V):

AN29, Pg. 19; AN30, Pg. 22

Local Area Network
Isolated Power Supply for Local Area Networks: DN31, Pg. 1

Low Power
Battery Splitter: AN8, Pg. 2; AN30, Pg. 38; LTC1044 DS
Low Power Switching Regulator (9V to 5V): AN8, Pg. 4; AN30,

Pg. 17; LT1013 DS
Switching Pre-Regulated Linear Regulator (9V to 5V):

AN8, Pg. 5; AN30, Pg. 31; LT1013 DS

Regulated Voltage Up Converter: AN8, Pg. 7; AN30, Pg. 39;
LTC1044 DS

Single Cell Up Converter (1.5V to 5V): AN8, Pg. 8; AN30, Pg. 8
Up Converter (6V to 15V): AN8, Pg. 9; AN30, Pg. 7; LT1013 DS
Boost Converter (1.5V to 5V): AN15, Pg. 7; AN30, Pg. 8;

LT1018DS
Micropower Switching Regulator (5.8V-10V to 5V): AN23, Pg. 15;

AN30, Pg.17
Micropower Post Regulated Switching Regulator (6V-10V

to 5V): AN23, Pg. 16; AN30, Pg. 32
Low Quiescent Current Flyback Regulator (150flA, 6V to 12V,

2A): AN29, Pg. 9; AN30, Pg. 6; DN11, Pg. 1
Low Quiescent Current Buck Converter (8V-16V to 5V): AN29,

Pg. 12; AN30, Pg. 14
Transformer Coupled Low Quiescent Current Converter

(12V to 5V, ± 15V): AN29, Pg. 13; AN30, Pg. 20; DN18, Pg. 1
800flA Output Converter (1.5V to 5V): AN29, Pg. 14; AN30, Pg. 26
200mA Output Converter(1.5Vto 5V): AN29, Pg. 15; AN30, Pg. 7
Regulated Up Converter (5V to 10V): AN30, Pg. 8; LT1018 DS
Up Converter (1.5V to 5V): AN30, Pg. 8; LM10 DS
Generating CMOS Logic Supply from Two Mercury Batteries

(2.4V to 4.8V): AN30, Pg. 38; LTC1044 DS
A Simple Loop Reduces Quiescent Current to 150flA (12V to 5V):

AN35, Pg. 7
Better Regulation While Maintaining 150flA Quiescent Current

(12V to 5V): AN35, Pg. 8

Multi·Output
Single Inductor, Dual Polarity Regulator (6V to ± 15V):

AN8, Pg. 10; AN30, Pg. 9; LT1013 DS
Totally Isolated Converter (5V to ± 15V): AN19, Pg. 30;

AN30, Pg. 21; LT1070 DS
Low Noise (5V to ± 15V): AN29, Pg. 2; AN30, Pg. 11
Ultra Low Noise Sine Wave Drive Converter (5V to ± 15V): AN29,

Pg. 4; AN30, Pg. 12
Single Inductor Regulated Converter (5V to ± 15V): AN29, Pg. 6;

AN30, Pg.10
Low Iq, Isolated (5V to ± 15V): AN29, Pg. 7; AN30, Pg. 25
Multi'Output, Transformer Coupled Low Quiescent Current

Converter: AN29, Pg. 13; AN30, Pg. 42; DN18, Pg. 2
Transformer Coupled Low Quiescent Current Converter (150flA,

12V to 5V, ± 12V): AN29, Pg. 13; AN30, Pg. 42; DN18, Pg. 2



High Current Switched Capacitor Converter (6V to ± 5V):
AN29, Pg. 29; AN30, Pg. 41

Switched Capacitor Converter (5V to ± 12V): AN29, Pg. 30;
AN30, Pg. 35; LT1054 DS

Switched Capacitor Based (6V to ± 7V): AN29, Pg. 31;
AN30, Pg.40

Switched Capacitor Charge Pump Based Voltage Multiplier:
AN29, Pg. 31; AN30, Pg. 36

Single Inductor, Dual Output Converter (5V to ± 15V):
AN30, Pg. 13

Dual Pre·Regulated Supply (90-130VAC to ± 12V): AN30, Pg. 30;
LT1086 DS

Dual Output Voltage Doubler: AN30, Pg. 35; LT1054 DS
Dual Output Switch Capacitor Voltage Generator: AN30, Pg. 39;

LT1026 DS
Voltage Multiplier(± 5V to ± 15V): AN30, Pg. 41; LT1032 DS
Multi·Output Flyback Converter (12V to 5V, ± 12V): AN30, Pg. 42;

DN18, Pg.1
Coupled Inductor Provides Positive and Negative Outputs

(28V to 15V, - 5V): AN35, Pg. 3

Off·Line
100W Off-Line Switching Regulator (5V at 20A): AN25, Pg. 8;

AN30, Pg. 29

Pre·Regulator
Linear Regulator with Switching Pre-Regulator (28V to Adj.):

AN2, Pg. 3; AN30, Pg. 31
High Current Low Dissipation Pre·Regulated Linear Regulator

(OV-35V, OA-10A): AN2, Pg. 4; AN30, Pg. 33; LT1083 DS
Switching Pre·Regulated Linear Regulator (9V to 5V):

AN8, Pg. 5; AN30, Pg. 31; LT1013 DS
Micropower Post Regulated Switching Regulator (6V-10V

to 5V): AN23, Pg. 16; AN30, Pg. 32
High Power Linear Regulator with Switching Pre-Regulator:

AN29, Pg. 25; AN30, Pg. 30; LT1083 DS
Dual Pre·Regulated Supply (90-130VAC to ± 12V): AN30, Pg. 30;

LT1086 DS
Low Dissipation Regulator (10V-20V to 5V): AN30, Pg. 32;

LT1036 DS
Switching Pre-Regulator for Wide Input Voltage Range

(7.5V-30V to 5V): AN30, Pg. 33; LT1020 DS
SCR Pre-Regulator (90-140VAC to 15V): AN32, Pg. 3

Pre·Regulated Low Dropout Regulator (7V-20V to 5V):
AN32, Pg. 4

Ultra-Low Dropout Linear Regulator with Pre-Regulator:
AN32, Pg. 7

Micropower Pre·Regulated Linear Regulator (6V-10V to 5V):
AN32, Pg.8

Linear Post·Regulator Improves Noise and Transient Response
(5V Output): AN35, Pg. 6

Adjustable Linear Post-Regulator Maintains Efficiency
(35V to 1.2V-28V): AN35, Pg. 7

Step Down- See Buck

Step Up- See Boost and Flyback

Switched Capacitor
High Power Switched Capacitor Voltage Converter (12V to 5V):

AN3, Pg. 16; AN8, Pg. 5; AN29 Pg. 32
Battery Splitter (9V to ± 4.5V): AN8, Pg. 2; AN30, Pg. 38;

LTC1044 DS
Regulated Negative Voltage Converter: AN8, Pg. 2;

AN30, Pg. 39; LTC1044 DS
Voltage Doubler: AN8, Pg. 6; AN30, Pg. 38
Regulated Voltage Up Converter (3V to 5V): AN8, Pg. 7;

AN30, Pg. 39; LTC1044 DS
- VIN to + VOUT Converter: AN29, Pg. 29; AN30, Pg. 34
High Current Switched Capacitor Converter (6V to ± 5V):

AN29, Pg. 29; AN30, Pg. 41
Positive Doubler: AN29, Pg. 30; AN30, Pg. 34; LT1054 DS
Switched Capacitor Converter (5V to ± 12V): AN29, Pg. 30;

AN30, Pg. 35; LT1054 DS
Switched Capacitor Based Converter (6V to ± 7V): AN29, Pg. 31;

AN30, Pg. 40
Switched Capacitor Charge Pump Based Voltage Multiplier

(5V to ± 12V): AN29, Pg. 31; AN30, Pg. 36
Basic Voltage Inverter: AN30, Pg. 34; LT1054 DS
Basic Voltage Inverter/Regulator: AN30, Pg. 34; LT1054 DS
Dual Output Voltage Doubler: AN30, Pg. 35; LT1054 DS
Regulated Negative Doubler (100mA): AN30, Pg. 35; LT1054 DS
Regulating 200mA Converter (12V to - 5V): AN30, Pg. 36;

LT1054 DS
Switched Capacitor Regulator (3.5V to 5V): AN30, Pg. 36;

LT1054 DS
Digitally Programmable Negative Supply: AN30, Pg. 37;

LT1054 DS



Negative Doubler with Regulator: AN30, Pg. 37; LT1054 DS
Negative Voltage Converter: AN30, Pg. 37; LTC1044 DS
Positive Doublerwith Regulation: AN30, Pg. 37; LT1054 DS
Voltage Doubler: AN30, Pg. 37; LTC1044 DS
Generating CMOS Logic Supply from Two Mercury Batteries

(2.4V to 4.8V): AN30, Pg. 38; LTC1044 DS
Paralleling for Lower Output Resistance: AN30, Pg. 38;

LTC1044 DS
Stacking for Higher Voltage: AN30, Pg. 38; LTC1044 DS
Dual Output Switched Capacitor Voltage Generator:

AN30, Pg. 39; LT1026 DS
Voltage Tripler/Quadrupler: AN30, Pg. 39; LTC1044 DS
Charge Pump Negative Voltage Generator: AN30, Pg. 41;

LT1020 DS
Charge Pump Voltage Doubler: AN30, Pg. 41; LT1020 DS
Voltage Multiplier(±5V to ± 15V): AN30, Pg. 41; LT1032 DS
Negative Voltage Doubler: AN30, Pg. 43; LT1054 DS

Telecom
Negative to Positive Buck·Boost Converter ( - 40V to - 60V

to 5V): AN19, Pg. 20; AN25, Pg. 4; AN29, Pg. 21
Fully Isolated Regulator (- 40V - - 60V to 5V): AN25, Pg. 6;

AN30, Pg. 24

REGULATOR-VOLTAGE
Additional Feature Circuits

Remote Sensing: AN2, Pg. 8; LT117 DS; LT138 DS
Voltage Regulator Run From 110VAC or 220VAC: AN2, Pg. 8
Low Temperature Coefficient Power Regulator: LT1009 DS
1A Regulator with Current Limit: LT1020 DS
Current Limited 1A Regulator: LT1020 DS
Improving Ripple Rejection: LT1038 DS; LT117 DS; LT138 DS
Regulator with Reference: LT117 DS; LT117HV DS

Adjustable
OV to 5V Regulator: LM10 DS
Adjustable Regulator OV-10V@5A: LT1003 DS
Variable Output Supply: LT1004 DS
1.2V-25V Adjustable Regulator: LT1038 DS; LT117 DS; LT138 DS

Battery Circuits
High Current Battery Splitter (150mA): AN8, Pg. 2; AN16, Pg. 21
Battery Backup Regulator: AN23, Pg. 18
Low Voltage Regulator: LM10 DS

Control Circuits
Opto·Coupled Output Control: LT1005 DS; LT1035 DS
Automatic Light Control: LT1038 DS; LT138 DS
Lamp Flasher: LT1038 DS; LT138 DS
Protected High Current Lamp Driver: LT1038 DS; LT138 DS

Current
Adjustable Current Limiter: LT150 DS

Digital System Support
Fast Turn·Off, Delay Turn On: AN1, Pg. 2; LT1005 DS; LT1036 DS
Memory Save On·Power Down: AN1, Pg. 4; LT1005 DS;

LT1035 DS
Regulator with Logic Output on Dropout: AN23, Pg. 17
Regulator with Output Shutdown on Dropout: AN23, Pg. 17
LT1020 Shutdown: AN23, Pg. 18
Memory Save On Power Down: AN31, Pg. 8
Delay Power Up: LT1005 DS; LT1035 DS; LT1036 DS
First·On, First·Off Sequencing: LT1005 DS; LT1035 DS;

LT1036 DS
First·On, Last·Off Sequencing: LT1005 DS; LT1035 DS;

LT1036 DS
Power Supply Turn·On Sequencing: LT1005 DS; LT1035 DS;

LT1036 DS
Push·On Push·Off: LT1005 DS; LT1035 DS
Battery Backup Regulator: LT1020 DS
Logic Output on Dropout: LT1020 DS
Regulatorwith Output Shutdown on Dropout: LT1020 DS
Regulator with Output Voltage Monitor: LT1020 DS
21V Programming Supply for UV PROM/EEPROM: LT117 DS
2816 EEPROM Supply Programmer for ReadlWrite Control:

LT117 DS

Discussion
Linear Power Supplies-Past, Present, and Future:

AN11, Pg. 15
Achieving Low Dropout: AN32, Pg. 10
Avoiding Ground Loops: LT1003 DS
Bypass Capacitors: LT1003 DS; LT1033 DS; LT1038 DS
Raw Supply, Transformer, Diode and Capacitor Selection:

LT1003 DS
Bypassing the Adjust Pin: LT1033 DS
Output Voltage: LT1033 DS
Proper Connection of Divider Resistors: LT1033 DS
Resistor Table: LT1033 DS



Load Regulation: LT1038 DS
Protection Diodes: LT1038 DS
Load Regulation: LT1083 DS
Ripple Rejection: LT1083 DS
Thermal Considerations: LT1083 DS
Table of 1/2% and 1% Standard Resistance Values: LT117 DS

Floating
Floating Regulator: LM10 DS

High Current
Regulator with Current and Thermal Protection (8.5V to 5V, 10A):

AN2, Pg. 2; LT1005 DS
Variable Regulator (10A): LT1038 DS

High Voltage
High Voltage Regulator (100V): AN2, Pg. 6
High Voltage Regulator (2000V): AN2, Pg. 7
High Voltage Regulation: DN21, Pg. 1
High Voltage Regulator: LM10 DS

Low Dropout
Low Dropout 5V Regulator: AN8, Pg. 3; LT1013 DS; LTC1044 DS
Pre-Regulated Low Dropout Regulator (7V-20V to 5V, 7.5A):

AN32, Pg. 4
10A Regulator with 400mV Dropout: AN32, Pg. 6
High Efficiency Negative Voltage Regulation: DN21, Pg. 1
A Simple Ultra-Low Dropout Regulator: DN32, Pg. 1
Low Dropout Regulator for 6V Battery: LT1013 DS
1A Low Dropout Regulator: LT1020 DS
Remote Fully Kelvin Sensed Output (4 Wire): LT1087 DS
Remote Load Regulation Compensation (2 Wire): LT1087 DS

Low Noise
Low Noise Voltage Regulator: LT1028 DS

Micropower
1.2V Regulator with 1.8V Minimum Input: LM134 DS

Multi·Output
Dual Output 150mA Regulator: LT1020 DS
Dual Output Regulator: LT1020 DS

Negative
Negative Regulator: LM10 DS
Negative Voltage Regulator: LT1017 DS
Precision Negative Regulator: LT1033 DS
Negative Regulator: LT137 DS

Paralleling
Parallel Regulators for High Current (5V at 8A): AN2, Pg. 1;

LT138 DS
Paralleling Regulators: LT1038 DS
Paralleling Devices for Higher Current: LT1087 DS

Positive
Standard Fixed 5V Regulator: LT1003 DS
5V Regulator: LT1020 DS

Pre·Regulator
Linear Regulator with Switching Pre-Regulator (28V to Adj.):

AN2, Pg.3
High Current Low Dissipation Pre-Regulated Linear Regulator

(OV-35V, OA-10A): AN2, Pg. 4; LT1038 DS; LT1083 DS
Switching Pre·Regulated Linear Regulator (9V to 5V):

AN8, Pg. 5; LT1013 DS
Micropower Post Regulated Switching Regulator (6V-10V

to 5V): AN23, Pg. 16
High Power Linear Regulator with Switching Pre·Regulator:

AN29, Pg. 25; LT1083 DS
Dual Pre·Regulated Supply (90-130VAC to ± 12V): AN30, Pg. 30;

LT1086 DS
SCR Pre·Regulator(90-140VAC to 5V): AN32, Pg. 3
SCR Pre-Regulator (90-140VAC to 15V): AN32, Pg. 3
Pre-Regulated Low Dropout Regulator (7V-20V to 5V, 7.5A):

AN32, Pg. 4
Ultra·Low Dropout Linear Regulator with Pre-Regulator:

AN32, Pg. 7
Micropower Pre·Regulated Linear Regulator (6V-10V to 5V):

AN32, Pg. 8
Switching Pre·Regulator for Wide Input Voltage Range

(7.5V-30V to 5V): LT1020 DS
Low Dissipation Regulator (10V-20V to 5V): LT1035 DS;

LT1036 DS

Precision
Precision Power Supply with Two Outputs: LT1001 DS;

LT1002 DS
High Stability 5V Regulator: LT1004 DS; LT1009 DS
High Stability Regulator: LT1004 DS
High Stability Regulator: LT1033 DS; LT137 DS
Precision Regulators: LT1033 DS
Precision High Current Reference: LT150A DS



Protection Circuits
Latch-Off when Output Shorts: AN1, Pg. 2; LT1005 DS;

LT1036 DS
Fast Electronic Circuit Breaker: AN1, Pg. 3; LT1005 DS;

LT1035 DS
High Input Voltage Detection: AN1, Pg. 3; LT1005 DS; LT1035 DS
Line Dropout Detector: AN1, Pg. 5; LT1005 DS; LT1036 DS
Thermal Cutoff at High Ambient Temperatures: AN1, Pg. 6;

LT1005 DS; LT1035 DS
Crowbar Overvoltage Protection Circuit: AN31, Pg. 9
Crowbar Protection: LT1003 DS; LT123 DS
Latch-Off for Vour<4.7V: LT1005 DS; LT1035 DS

Shunt
Shunt Regulator: LM10 DS

Tracking
Dual Tracking 3A Supply: LT1033 DS; LT13? DS
Multiple Tracking Regulators: LT1033 DS; LT13? DS

RELATIVE HUMIDITY -See Signal Conditioning-
Temperature

SAFEWAY
Inductor Selection

Typical Inductor Test Facility: AN35, Pg. 22

SAMPLE AND HOLD-See Amplifier

SEEBECK EFFECT
Temperature

Thermocouple: AN28, Pg. 1

SEEBECK, THOMAS
Temperature

Thermocouple Theory: AN28, Pg. 1

SENSOR-See Signal Conditioning

SENSORSfTRANSDUCERS-See Signal Conditioning

SETTLING TIME-See Amplifier

SIGNAL CONDITIONING
Acceleration

Acceleration to Frequency: AN?, Pg. 15
Fast Piezoelectric Accelerometer: LT1022 DS

Audio
Phono Pre-Amplifier: LT100? DS
Tape Head Amplifier: LT100? DS

Bridge
Amplifier for Bridge Transducer: LM108 DS; LT1008 DS;

LT1012 DS

Distance
Linear Variable Differential Transformer, LVDT: AN3, Pg. 9;

LT1013 DS; LTC1043 DS

Flow
Liquid Flowmeter: AN5, Pg. 6
Thermal Anemometer: AN5, Pg. ?
Air Flow Detector: LT1012 DS
Hot Wire Anemometer: LT1013 DS
Liquid Flowmeter: LT1013 DS
Air Flow Detector: LTC1052 DS

Gas
Linearized Methane Transducer: AN11, Pg. 3
Methane Concentration Detector with Linearized Output:

LT1013 DS

Humidity
Relative Humidity: AN3, Pg. ?
Relative Humidity: AN3, Pg. 8; LTC1043 DS
Humidity to Frequency (0%-100% to OHz-1000Hz): AN?, Pg. 11

Infra·Red
Infra-Red Detector Preamplifier: LT100? DS
Low Noise Infra-Red Detector: LT1028 DS

Level
Level to Frequency: AN?, Pg. 13

Photoconductive Cell
Buffer for Photoconducting Cell: LM134 DS

Photodiode
Logarithmic Photodiode Amplifier, 100dB Range: AN5, Pg. 3;

LT105? DS
Photodiode, Frequency Output (20Hz-2MHz): AN?, Pg. 9
Fast Fiber Optic Receiver (10M Hz): AN13, Pg. 23
Light Level Sensor: LM10 DS
Amplifier for Photodiode Sensor: LT1008 DS; LT1012 DS;

LT1001 DS
PIN Photodiode to Frequency Converter: LT1022 DS

Piezoelectric
Amplifier for Piezoelectric Transducer: LM108 DS
Charge Amplifier for Piezoelectric Transducers: LTl012 DS



Pressure
Direct Pressure Transducer to Digital Output Signal

Conditioner: LT1024 DS

Strain Gauge
Strain Gauge, Frequency Output: AN?, Pg. 6
Strain Gauge Signal Conditioner: AN11, Pg. ?; LTC1044 DS
Sampled Strain Gauge Bridge: AN23, Pg. 3
Strobed Power Strain Bridge: AN23, Pg. 4
Strain Gauge Signal Conditioner with Bridge Excitation:

LT1001 DS; LT1002DS; LT100? DS
9V Battery Powered Strain Gauge Signal Conditioner:

LT1013 DS
Strain Gauge Bridge Signal Conditioner: LT1013 DS
Ultra Linear Strain Gauge: LT1019 DS; REF02 DS
Strain Gauge Conditioner for 350 Bridge: LT1021 DS; LT1031 DS
Strain Gauge Bridge Signal Conditioner: LT1054 DS
Differential Voltage Amplification from a Resistance Bridge:

LT1101 DS
Direct 10 Bit Strain Gauge Digitizer: LTC1052 DS

SIGNAL CONDITIONING-TEMPERATURE
Acoustic

Acoustic Thermometer: AN?, Pg. 5

Discussion
Thermal Control Loop Model: AN5, Pg. 2
Thermocouple Measurements: AN28, Pg. 1
Temperature Sensor Comparison: AN28, Pg. 2
Linearization Techniques for Thermocouples: AN28, Pg. 12
Measuring Thermal Resistance: AN28, Pg. 15
Error Sources in Thermocouple Systems: AN28, Pg. 18

Platinum RTD
Linearized Platinum RTD, Precision: AN3, Pg. 6; LTC1043 DS;

LT1006 DS
Linearized Platinum RTD: AN6, Pg. 3
5V Powered, Linearized Platinum RTD Signal Conditioner

(OOC-400°C to OV-4V): AN11, Pg.1; LT1013 DS
Platinum Resistor Value·to-Frequency (OkHz-1 kHz):

AN14, Pg. 17
Platinum RTD Signal Conditioner with Curvature Correction

(2°C-400°C): AN23, Pg. 1; LT1006 DS
Linearized Platinum Resistance Thermometer: LT1001 DS

Kelvin Sensed Platinum Temperature Sensor Amplifier:
LT1012 DS

Ultra Linear Platinum Temperature Sensor: LT1021 DS;
LT1031 DS

Silicon Sensor
Temperature·to-Frequency Converter (0°C-100oC to

OkHz-1 kHz): AN?, Pg. 2
High Noise Rejection Thermometer: AN9, Pg.1?
Thermometer Using Current Output Silicon Sensors

(- 55°C-125°C): DN5, Pg. 2
Isolated Temperature Sensor: LF198 DS
Centigrade Temperature Sensor with 2 Point Trim: LM134 DS
Ground Referred Fahrenheit Thermometer: LM134 DS
Low Output Impedance Thermometer: LM134 DS
Low Output Impedance Thermometer (Kelvin Output):

LM134 DS
Remote Temperature Sensor with Voltage Output: LM134 DS
Over Temperature Alarm: LT1019 DS
Temperature to Frequency Converter: LT1055 DS
Micropower, Battery Operated, Remote Temperature Sensor:

LT1101 DS

Thermistor
Linear Thermometer, Thermistor: AN3, Pg. 15; LT1006 DS
Precision Temperature Controller: AN5, Pg. 1
Thermistor Based Current Loop Signal Conditioner (O°C-

100°C): AN23, Pg. 5
Wall Type Thermostat: AN23; Pg. 6
Freezer Alarm: AN23, Pg. ?
Accurate Thermistor Based Temperature Measurement System

(0°C-100°C): DN5, Pg. 2
0°C-1 OO°C Linear Output Thermometer: LT1004 DS
2 Wire O°C to 100°C Temperature Transducer with 4mA to 20mA

Output: LTC1040 DS
Complete Heating/Cooling Automatic Thermostat: LTC1040 DS
Ultra Low Power 50°F to 100°F Thermostat: LTC1041 DS

Thermocouple
Thermocouple·to-Frequency Converter (0°C-60°C to

OHz-600Hz): AN?, Pg. 3; AN11, Pg. 5
Single + 5V Thermocouple Amplifier with Cold Junction

Compensation: AN11, Pg. 5; LTC1052 DS
Thermocouple with Cold Junction Compensation (OOC-60°C):

AN23, Pg. 2; LT1006 DS



Cold Junction Compensation for a Type J Thermocouple:
AN28, Pg. 4

Cold Junction Compensation for a Type K Thermocouple:
AN28, Pg. 5; LTK001 DS

Differential Thermocouple Amplifiers: AN28, Pg. 6
Thermocouple Isolation Amplifier (0.25%): AN28, Pg. 8
Thermocouple Isolation Amplifier (0.01 %): AN28, Pg. 10
Pulse Width Output Thermocouple Isolator: AN28, Pg.11
Offset Based Linearization for Thermocouples: AN28, Pg. 12
Breakpoint Based Linearization for Thermocouples:

AN28, Pg.14
Continuous Function Linearization for Thermocouples:

AN28, Pg.15
Processor Based Linearization for Thermocouples:

AN28, Pg.15
Furnace Exhaust Gas Temperature Monitor with Low Supply

Detection (0°C-500°C): DN5, Pg. 1
Flame Detector: LM10 DS
Thermocouple Transmitter: LM10 DS
Thermometer: LM10 DS
Thermocouple Cold Junction Compensator: LM185 DS
Micropower Cold Junction Compensation for Thermocouple:

LT1004 DS
Thermocouple Thermometer: LT1012 DS
3 Channel Thermocouple Thermometer: LT1013 DS
Single 5V Thermocouple Over Temperature Alarm: LTC1042 DS
Single Supply Thermocouple Amplifier: LTC1049 DS
Direct Thermocouple to Frequency Converter: LTC1052 DS
Precision Multiplexed Differential Thermocouple Amplifier:

LTC1052 DS
Low Noise, Multiplexed Thermocouple Amplifier: OP27 DS

SINE WAVE GENERATOR-See Oscillators

SINGLE CELL
A·D

1.5V A·D Converter (10 Bit): AN15, Pg. 2

Amplifier
1.5V Voltage Boosted Output Op Amp (OV-10V): AN15, Pg. 6

DC·DC
Boost Regulator (1.5V to 5V): AN15, Pg. 7

Discussion
Components for 1.5V Operation: AN15, Pg. 8

Oscillator
1.5V Temperature Compensated Crystal Oscillator (3.5MHz):

AN15, Pg. 6

Sample and Hold
1.5V Sample and Hold: AN15, Pg. 3
1.5V Fast Sample and Hold (125I1S,0.1 %): AN15, Pg. 4

V·F
1.5V Voltage to Frequency Converter (OV-1V to 1HZ-1kHz):

AN14, Pg. 9
1.5V Voltage to Frequency Converter (OV-1V to 25Hz-10kHz):

AN15, Pg.1

SINGLE SUPPLY
Analog Switch

Low Charge Injection Analog Switch: LTC201 DS

Current Loop
Digitally Controlled 4mA-20mA Current Loop Generator:

AN31, Pg. 6

Digital Help Circuits
EEPROM Pulse Generator: LT1013 DS

Discussion
High Performance Single Supply Analog Amplifiers:

AN11, Pg.14

Filter -Switched Capacitor
Single Supply LTC1062: AN20, Pg. 4
Single 5V, Gain of 1000 4th Order Bandpass Filter: LTC1060 DS
6th Order LP Butterworth: LTC1061 DS
Single 5V Supply 5th Order LP Filter: LTC1062 DS
Level Shifting Clock for V + >6V: LTC1064-1 DS
Single Supply Operation of LTC1064·1: LTC1064·1 DS

Gas
Linearized Methane Transducer Signal Conditioner: AN11, Pg. 3

Instrumentation Amplifier
Precision Instrumentation Amplifier: AN11, Pg. 6
Ultra Precision Instrumentation Amplifier: AN11, Pg. 6;

LTC1043 DS
Precision, Micropower, Single Supply Instrumentation

Amplifier: LT1101 DS

Interface
AID Converter Interface: DN29, Pg. 1



Motor Speed
Motor Speed Controller, No Tachometer Required: LT1013OS

Sample and Hold-See Also Single Cell
Quad Single 5V Supply, Low Hold Step, Sample and Hold:

LTC1043OS

Strain Gauge
Strain Gauge Signal Conditioner: AN11, Pg. 7; LTC1044OS

Temperature Sensor
Single Supply Precision Linearized Platinum RTDSignal

Conditioner: AN3, Pg. 6; LTC1043OS; LT1006OS
Linearized Platinum RTDSignal Conditioner (0°C-400oC to

OV-4V):AN11, Pg.1
Cold Junction Compensated Thermocouple Signal Conditioner:

AN11, Pg.5
Single 5V Thermocouple Over Temperature Alarm: LTC1042OS

Transmitter
4mA-20mA Current Loop Transmitter: AN11, Pg. 9
4mA-20mA Floating Output for Current Loop Transmitter:

AN11, Pg. 10
4mA-20mA Digitally Controlled Current Loop Transmitter:

AN31, Pg.6

V·F
Ultra Linear Voltage to Frequency Converter (100kHz-1.1 MHz):

AN14, Pg. 7
Voltage to Frequency Converter: LTC1040OS

Voltage Regulator
Low Dropout 5V Regulator: AN8, Pg. 3; LT1013OS; LTC1044OS
Low Voltage Regulator: LM10 OS

SWITCHES
Analog
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High Side
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Understanding and Applying the LT1005
Multifunction Regulator

The number of voltage regulators currently available
makes the introduction of another regulator seem almost
unnecessary. However, a new device, the LT1005, offers
auxiliary functions which help solve problems often
associated with voltage regulation in circuits.

The LT1005 (Figure 1) consists of a 5V, 1A* regulator,
which is controlled by a positive logic enable pin, and a
5V auxiliary regulator. The auxiliary regulator's output is

INPUT 20V MAX
OUIESCENT

CURRENT
4mA

unaffected by the state of the main regulator. Thermal
overload protection and current limiting round out the
device. The enable pin is a high impedance input which
floats in a high state. 1OpA* of current pulled from the pin
will force it below its 1.6V turn-off threshold, shutting
down the main output. Figure 2A shows a simple but use-
ful application. Here, the regulator's enable pin is
controlled by the state of a toggling flip-flop which is trig-
gered by a pushbutton on a computer keyboard. The

5V±2%
MAIN OUTPUT
1.5A SHORT
CIRCUIT CURRENT
DROPOUT VOLTAGE =
7.3V AT 1A
7.0V AT O.2A

GROUND AUXILIARY OUTPUT = ENABLE
5V±3%,35mA
SHORT CIRCUIT NORMALLY FLOATS HIGH. 100,.A TO PULL LOW

CURRENT =90mA VTHRESHOLO= 1.8V, TEMPCO ~ 1mV/'C
DROPOUT VOLTAGE =

6.8V AT 35mA
6.4V AT lmA
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auxiliary 5V output powers the flip-flop when the com-
puter has been shut down. This arrangement allows the
normal separate power switch to be eliminated. Although
the enable pin interfaces directly to CMOS and TIL, its
relatively high impedance allows it to implement a
number of diverse functions.

Figure 28 is a power-on delay circuit. Upon application of
power, the output is held low until the capacitor charges
beyond the 1.6V threshold of the enable pin. In this case,
the time required is about 1DDms. The diode-1 k combina-
tion drains the capacitor quickly when power is removed.

Figure 2C shows a simple arrangement which will latch
down the main regulator output if a short circuit occurs in

the load. When power is applied to the regulator, the 5V
auxiliary output comes up, transferring charge through
the 1D/LFunit. This forces the enable pin high, allowing
the main regulator to come up and power the load. If a
load short occurs, the regulator goes into current limit
and the main output falls to zero. This pulls the enable pin
low, completing a positive feedback latch which disables
the main regulator output. Under these conditions the
output will remain at zero, even after the load short is
removed. Also, the regulator will not have to dissipate
power for the duration of the short circuit. The output may
be reset by removing regulator input power or forcing the
enable pin.

TO MAIN
OUT SYSTEM

POWER
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Figure 3 illustrates a circuit which takes advantage of this
operation to achieve a cost-effective solid-state equivalent
of a circuit breaker. This circuit will turn off the main
regulator's output within lOOns of an over-load. The trip
current and breaker delay times are settable over a wide
range. Under normal conditions the current through the
1n shunt is insufficient to bias 01 into conduction. 02 is
also off and the regulator functions. When an overload oc-
curs (Trace A, Figure 4 is the regulator's output current),
the potential across the 1n resistor rises, turning on 01.
A1 's collector drives 02's base (Trace B, Figure 4) via the
1k resistor and the 1OOpFspeed-up capacitor. This turns
on 02, pulling the enable pin (Trace C, Figure 4) to
ground and shutting down the regulator output (Trace D,
Figure 4). The 10k value from the main output to the
enable pin latches the regulator down in a fashion similar
to Figure 1 and the 4.7 JLFcapacitor shown in dashed
lines may be added (delete the 100pF unit) for applica-
tions where fast response is not desirable. The 1n value
can be selected to accommodate any desired current trip
point.

10 MAIN 5V MAIN
V,N V,N LTlOO5

OUTPUT OUTPUT

01 AUXILIARY2N2907
5V ENABLE

lk 10k

4.7"F 1k 100pF l"F

r-~ j:-
I
I 2k
I

~ '=" '="
Figure 3

Figure 5 shows another circuit which uses the enable pin
to shut down the regulator under abnormal conditions.

9V
NOMINAL

FROM
RAW

DC

TYPICAL TRANSFORMER
TAP SWITCHING

~.5'~~WJ
u:::);:~;:,~,,"'

This configuration is useful in instruments or systems
meant to be powered from 11OVACor 220VAC. Powering
a regulator from a 220VAC primary when the secondary
transformer tap switch is set for 11OVACforces excessive
dissipation in the regulator, leading to thermal shutdown.
The circuit shown prevents this by sensing the abnor-
mally high input voltage and shutting down the regulator.
Under normal operating conditions the input voltage is
low enough to keep the transistor on, pulling the enable
pin toward the auxiliary output and maintaining regulator
output. If the circuit is inadvertently powered from
220VAC without moving the transformer tap switch, the
regulator's input voltage rises. This cuts off the transistor
and the 10k resistor pulls the enable pin to ground, shut-
ting down the regulator. The diode in the transistor's base
line prevents VBEzenering during the reverse bias condi-
tion which exists during the shutdown. For the values
given, this circuit will function properly over ranges of
88VAC-135VAC and 180VAC-260VAC (110VAC-
220VAC±20%).
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Figure 6 shows the LT1005 in another circuit where opera-
tion depends on input conditions. This circuit is useful in
systems where it is necessary to bring up and power-down
circuitry in a sequence. It is particularly applicable in situa-
tions where it is desirable to transfer and store data into
nonvolatile memory during power outages. It functions by
taking advantage of the differing dropout voltages between
the main and auxiliary outputs. When power is first ap-
plied, the LT1005 input (Trace A, Figure 7) starts to ramp
up. The auxiliary output (Trace D, Figure 7) follows this
ramping action and clamps at its 5V regulated output.
During this interval, C1 monitors the difference between
the regulator input and the 5V auxiliary output. The
resistor ratios at its inputs are scaled so that the enable
pin (Trace B, Figure 7) will be clamped until the regulator
input is high enough to support main output regulation.
(The small ramp segments visible at the enable pin are

LT1005 ou~:
AUXILIARYw

5V MAIN
OUTPUT

4.7k

due to the comparator output's failure to clamp under
very low supply voltage conditions. They do not influence
overall circuit operation.) When this point is reached, the
main output (Trace C, Figure 7) comes up quickly.
Because the auxiliary output precedes the main output, it
can be used to preset conditions in the circuitry being
powered by the regulator. When power falls below the
threshold point, C1 pulls the enable pin (Trace B, Figure 7)
low, forcing the regulator's main output to go off rapidly.
The auxiliary output, however, maintains regulation after
the main output has gone off. This allows the main output
to be used as a logic signal to alert auxiliary-powered non-
volatile memory to store data. The amount of time the aux-
iliary output will maintain regulation on power-down may
be controlled by regulator filter capacitor size. The
diode-4.7k combination provides regenerative action to
assure a clean turn-off for the main output.



In some systems it is more convenient, or advantageous,
to detect power outages by directly monitoring the AC line.
Figure 8's circuit does this by connecting an optoisolator
across the AC output of the power transformer. Normally,
the AC line (Trace A, Figure 9) turns on the LED every 8ms
(l/z cycle of the line), causing the Darlington output tran-
sistor to reset the O.01p.F capacitor to VCE(SAT). When the
line drops out (Trace B, Figure 9), the capacitor charges at
a rate dependent upon the setting of the 20k potenti-
ometer. This ramping voltage is compared by C1 to a refer-

TO AC [SECONOARY OF
POWER TRANSFORMER
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ence derived from the auxiliary output. When C1 goes low,
the regulator output goes low (Trace C, Figure 9). This oc-
currence can be used as a logic signal to flag circuitry
which is powered by the auxiliary output. The' 'trip set"
potentiometer and the value of the capacitor can be used to
determine the number of missing line cycles required to
shut down the regulator. When using this circuit it is im-
portant to recognize that the hold-up time of the raw supply
must be taken into account to determine how long the aux-
iliary output will remain regulated.

TO FILTER
CAPACITOR AT RAW

DC OUTPUT

5V
V'N mOO5 MAIN

OUTPUT
AUXILIARY

5V ENABLE

3.3k DROPOUT
SIGNAL

5V AUXILIARY
POWER

B=5V/DIV

C=2V/DIV
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Figure 10 show~ a latching circuit similar to Figure 2. ex-
cept that a negative temperature coefficient (NTC) sharp
transition thermistor runs from the enable pin to ground.

C1
10"F

• ~ MOXIE THERMOSWITCH
TYPE TS·3·65
MSD, LTD.
OUEBEC, CANADA

This circuit will provide latching protection for circuitry
under thermal overloads due to blocked vents or fan fail-
ures. The NTC device resistance decreases from 200k at
60°C to 10k at 65°C, cutting off the regulator. The ther-
mistor is biased from the output, so latch-off occurs when
the trip temperature is reached. C1 ensures starting. Un-
fortunately, the transition and hysteresis points of NTC
devices are fixed and cannot be user-varied, Figure 11
takes advantage of the relatively high impedance of the
enable input to circumvent this problem. A standard ther-
mistor (negative temperature coefficient) allows the trip
point and hysteresis band to be set at any desired point.
For the example shown, the regulator will shut down at
58°C ambient (8k thermistor resistance) and come back
up at 42°C (15.2k thermistor resistance). Other charac-
teristics are obtainable by shifting resistor and thermistor
values.

Figure 12 shows another thermally-related use of the
regulator. The highest crystal oscillator stabilities are
achieved by temperature-stabilizing the crystal. In
frequency-measuring equipment and communications
work it is often important that the crystal frequency be
stabilized before the equipment is used. In this circuit,
the LT1005 combines with a typical commercial crystal
oven to prevent equipment use until oven temperature
has stabilized. When power is applied, pin 6 of the crystal
oven is high, biasing 01. Simultaneously, the SCR gate is
triggered by auxiliary-generated output current coming
through the 4.7 JLFunit. This disables the main regulator
output. When the oven reaches temperature, the thermo-
switch opens, removing bias from 01. This commutates
the SCR and the regulator comes up, allowing its load to
operate. The 4. 7k resistor eliminates false SCR triggering
and the diode suppresses reverse gate current when
regulator input power is removed.

V,. V,N LT1005 MAIN
5V OUTPUTOUTPUT

ENABLE

220 /1//1/

"HEATING"
4.7"F 2N5060

+V \
\

\4.7k 1N4002
\
\ .".\,, 10k

I,
~.".

/ EQUIVALENT CIRCUIT
I MANSON TYPE

I MCO·134

/
I



The latching action used in many of the preceding ap-
plications is one form of feedback. Negative feedback to
the enable pin can be used to make closed loop servos.
Figure 13 shows a way to make a simple switched-mode
motor speed controller with the LT1005. This circuit uses a
tachometer to generate a feedback signal which is com-
pared to a reference supplied by the auxiliary output. When
power is applied, the tachometer output is zero and the
regulator output (Trace A, Figure 14) comes on, forcing
current (Trace C, Figure 14) into the motor. As motor rota-
tion increases, the negative tachometer output pulls the
enable pin (Trace S, Figure 14) toward ground. When the
enable pin's threshold voltage is reached, the regulator
output goes down and the motor slows. C1 provides
positive feedback, ensuring clean transitions. In this
fashion, the motor's speed is servo-controlled at a point

Application Note 1

determined by the 2k potentiometer setting. The regulator
free-runs at whatever frequency and duty cycle are re-
quired to maintain the enable pin at its threshold. Loop
bandwidth and stability are set by C2 and C3. The 1N914
diode prevents the negative output tachometer from pull-
ing the enable pin below ground while the 1N4002
commutates the motor's negative flyback pulse. The
servo-controiled pulse mode excitation allows the motor to
furnish excellent torque characteristics, even when oper-
ating at 5% of its full speed rating. For example, the small
motor listed, with a shaft torque rating of 20 gram-eMs at
3300RPM, is almost unstoppable by the unaided human
hand at 150RPM. The thermal and current limiting in the
regulator prevents either the motor or the regulator from
burning up in the event of a shaft overload.

2k
SPEED

SET

I
+ C1 :

1"F I
I
I
I
I
I

5100 I
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Figure 15 shows a way to run higher voltage motors. In
this mode the motor is placed in the regulator input line and
the output is terminated into a 3.30 load. The servo loop
operates in a similar fashion to the one in Figure 13. In this
case, however, a large capacitor is placed at the regulator
to filter the transients generated by motor switching. When
the tachometer output (Trace A, Figure 16) calls for power,
the regulator comes on, allowing current to flow through
the motor. This forces the regulator input toward ground
(Trace B, Figure 16) for the duration of the on-time. The

circuit's advantage is that it allows higher voltage motors
(up to 20V) to be controlled. In common with the previous
circuit, the regulator provides thermal and current over-
load protection for the motor. Its disadvantage is that for
servo setpoints which require high motor power, the regu-
lator's DC input will go below dropout and the auxiliary out-
put will fall, destabilizing the servo setpoint. Each of these
circuits offers a simple, cost-effective, one package solu-
tion to speed control of small motors at the expense of
efficiency.
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Performance Enhancement Techniques for
Three-Terminal Regulators

Three terminal regulators provide a simple, effective solu-
tion to voltage regulation requirements. In many situations
the regulator can be used with no special considerations.
Some applications, however, require special techniques to
enhance the performance of the device.

Probably the most common modification involves extend-
ing the output current of regulators. Conceptually, the
simplest way to do this is by paralleling devices. In prac-
tice, the voltage output tolerance of the regulators can
cause problems. Figure 1 shows a way to use two regu-
lators to achieve an output current equal to their sum.
This circuit capitalizes on the 1% output tolerance of the
specified regulators to achieve a simple paralleled config-
uration. Both regulators sense from the same divider
string and the small value resistors provide ballast to ac-
count for the slightly differing output voltages. This
added impedance degrades total circuit regulation to
about 1%.

IN LTl083 OUT

AOJ

Figure 2 shows another way to extend current capability
in a regulator. Although this circuit is more complex than
Figure 1, it eliminates the ballasting resistor's effects and
has a fast-acting logic-controlled shutdown feature. Ad-
ditionally, the current limit may be set to any desired
value. This circuit extends the 1A capacity of the LT1005
multi-function regulator to 12A, while retaining the
LT1005's enable feature and auxiliary 5V output. Q1, a
booster transistor, is servo-controlled by the LT1005,
while Q2 senses the current dependent voltage across the
0.050 shunt. When the shunt voltage is large enough, Q2
comes on, biasing Q3 and shutting down the regulator via
the LT1005's enable pin. The shunt's value can be
selected for the desired current limit. The 100°C thermo-
switch limits dissipation in Q1 during prolonged short cir-
cuits by disabling the LT1005. It should be mounted on
Q1's heat sink.

+J200"F

NOTE: THIS CIRCUIT
WILL NOT WORK WITH
LM-TYPE DEVICES
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Boosted regulator schemes of this type are often poorly
dynamically damped. Such improper loop compensation
results in large output transients for shifts in the load. In
particular, because 01's common emitter configuration
has voltage gain, transients approaching the input
voltage are possible when the load drops out. Here, the
100JLF capacitor damps 01's tendency to overshoot,
while the 200 value provides turn-off bias. The 250JLF
unit maintains 01's emitter at DC. Figure 3 shows that
this "brute force" compensation works quite well. Nor-
mally the regulator sees no load. When Trace A goes high,
a 12A load (regulator output current is Trace C) is placed
across the output terminals. The regulator output voltage
recovers quickly, with minimal abberration.

01
2N4398

(HEAT SINK)

IN OUT

LT100S GND

AUXILIARY ENABLE

While the 100JLFoutput capacitor aids stability, it prevents
the regulator output from dropping quickly when the
enable command is given. Because 01 cannot sink cur-
rent, the 100JLFunit's discharge time is load limited. 04
corrects this problem, even when there is no load. When
the enable command is given (Trace A, Figure 4) 03 comes
on, cutting off the LT1005 and forcing 01 off. Simultane-
OUSly,04 comes on, pulling down the regulator output
(Trace B), and sinks the 100JLFcapacitor's discharge cur-
rent (Trace C). If fast turn-off is not needed, 04 may be
omitted.

'.\
I

: 04
I 2N63B7
I
I,

I,

100°C N.O.
THERMOSWITCH

ON HEAT SINK



Power dissipation control is another area where regulators
can be helped by additional circuitry. Increasing heat sink
area can be used to offset dissipation problems, but is a
wasteful and inefficient approach. Instead, the regulator can
be placed within a switched-mode loop that servo-controls
the voltage across the regulator. In this arrangement the
regulator functions normally while the switched-mode con-
trolloop maintains the voltage across it at a minimal value,
regardless of line or load changes. Although this approach
is not quite as efficient as a classical switching regulator, it
offers lower noise and the fast transient response of the
linear regulator. Figure 5 details a DC driven version of the

Application Note 2

circuit. The LT350A functions in the conventional fashion,
supplying a regulated output at 3A capacity. The remaining
components form the switched-mode dissipation limiting
control. This loop forces the potential across the LT350A to
equal the 3.7V value of Vz. When the input of the regulator
(Trace A, Figure 6) decays far enough, the LT1018 output
(Trace B) switches low, turning on 01 (01 collector is Trace D).
This allows current flow (Trace C) from the circuit input into
the 45001lF capacitor, raising the regulator's input voltage.
When the regulator input rises far enough, the comparator
goes high, 01 cuts off and the capacitor ceases charging.

A = 1OOmV/ OIV
lAC COUPLED ON
15.7V DC LEVEL)

B=50V/OIV

LT1004
1.2

LT1004
2.5
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The 1N4003 damps the flyback spike of the current limiting
inductor. The 4.7kn unit ensures circuit start-up and the
68pF-1 Mn combination sets loop hysteresis at about
80mVp-p. This free-running oscillation control mode sub-
stantially reduces dissipation in the regulator, while preserv-
ing its performance. Despite changes in the input voltage,
different regulated outputs or load shifts, the loop always
ensures the minimum possible dissipation in the regulator.

STANCOR
P-8675

110ACJII

20n

3.

"=" 20n

t

1N4003

1"F
82k

+15V

10k

"="

·1% FILM RESISTOR
T1 ~ SPRAGUE 11Z-2003

tSCRs=G.E. C-220B
1 MHY ~ DALE TD-5 TYPE

Figure 7 shows the dissipation limiting technique applied
in a more sophisticated circuit. This AC powered version
provides OV-35V, 10A regulation under high line-low line
(90VAC-140VAC) conditions with good efficiency. In this
version, two SCRs and a center tapped transformer source
power to the inductor-capacitor combination. The trans-
former output is also diode rectified (Trace A, Figure 8),
divided down, and used to reset the O.1JlF unit (Trace B)

OV-35V
+ OA-10A

T_ 100pF (75A FOR
LT1083j

+
10.000"F

J
LT1004

1.2

LT1004
2.5
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via C1. The resulting AC line synchronous ramp at C1's
output is compared to A1's offset output by C2. A1's out·
put represents the deviation from the Vz value that the
loop is trying to force across the LT1038.When the ramp
output exceeds C2's "+" input value, C2 pulls low, dump·
ing current through T1's primary (Trace C). This fires the
appropriate SCR and a path from the main transformer to
the LC pair occurs (Trace D). The resultant current flow
(Trace E) is limited by the inductor and charges the capaci·
tor. When the AC line cycle drops low enough, the SCR
commutates and charging ceases. On the next half·cycle
the process repeats, except that the alternate SCR does
the work. In this fashion, the loop controls the phase angle
at which the SCRs fire to keep the voltage across the

c= 100mAJDIV

D=50V/DIV

E=10A/DIV

LT1038 at Vz (3.7V).As a result, the circuit functions over
all line, load and output voltage conditions with good effi·
ciency. The 1.2V LT1004 at the LT1038 allows the output
voltage to be set down to 0.00and the 2N3904 clamp at A1
prevents loop "hang up". Figure 7A shows a way to trigger
the SCRswithout using a transformer.

Although A1's output is an analog voltage, the AC driven
nature of the circuit makes it approximate a smoothed,
sampled loop response. Conversely, the regulator consti·
tutes a true linear system. Because these two feedback
systems are interlocked, frequency compensation can be
difficult.

TO (SCR
GATES
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In practice, A1 's 1JLFcapacitor keeps dissipation loop
gain at a low enough frequency for stable characteristics,
without influencing the LT1038's transient response
characteristic. Trace A, Figure 9 shows the output noise
while the circuit is operating at 35V into a 10A load
(350W). Note the absence of fast switching transients
and harmonics. The output noise is made up of residual
120Hz ripple and regulator noise. Reflected noise into the
AC power line is also negligible (Trace B) because the in-
ductor limits current rise time to about 1ms, much slower
than the normal switching supplies. Figure 10 shows a
plot of efficiency versus output voltage for a 10A load. At
low output voltages, where the static losses across the
regulator and SCRs are significant, efficiency suffers, but
85% is attained at the upper extreme.

10mV/DIV
lAC COUPLED

ON 35V OUTPUT)

High voltage output is another area for regulator enhance-
ment. In theory, because the regulator does not have a
ground pin, it can regulate high voltages. In normal oper-
ation the regulator floats at the supply's upper level, and
as long as the VIN-VOUT maximum differential is not ex-
ceeded there are no problems. However, if the output is
shorted, the VIN-VOUT maximum is exceeded and device
destruction will occur. The circuit of Figure 11 shows a
complete high voltage regulator that delivers 100V at
100mA and withstands shorts to ground. Even at 100V
output the LT317A functions in the normal mode, main-
taining 1.2V between its output and adjustment pin.

~ 70

~ 60~
~ 50
~ 40

~ 30

~--...." ..•.•.., ,, , , ...--, Of', \
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Under these conditions the 30V zener is off and 01 con-
ducts. When an output short occurs, the zener conducts,
forcing 01 's base to 30V. This causes 01 's emitter to
clamp 2 VSESbelow Vz, well within the VIN-VOUT rating
of the regulator. Under these conditions, 01, a high
voltage device, sustains 90V VCEat whatever current the
transformer and the regulator's current limit will support.
The transformer specified saturates at 130mA, keeping
01 well within its safe area as it dissipates 12W. If 01 and
the LT317A are thermally coupled, the regulator will soon
go into thermal shutdown and oscillation will commence.
This action will continue, protecting the load and the
regulator as long as the output remains shorted. The
500pF capacitor and the 100-0.02j.tF damper aid tran-
sient response and the diodes provide safe discharge
paths for the capacitors.

This approach to high voltage regulation is primarily
limited by the power dissipation capability of the device in
series with the regulator. Figure 11A uses a vacuum tube
(remember them?) to achieve very high short circuit dis-
sipation capability. The tube allows high voltage opera-
tion and is extremely tolerant of overloads. This circuit
allows the LT317A to control 600W at 2000V (V1 's plate
limit is 300mA) with full short circuit protection.

FILIMENT

Vl

IN LT317A OUT OUTPUT
2000V

180k AOJ
5fJW 1.2k

lN3031

500k
OUTPUT
TRIM

1.8M
2W

-=-

Figure 11A

Power is not the only area in which regulator performance
can be augmented. Figure 12 shows a way to increase the
stability of a regulator's output over time and temperature.
This is particularly useful in powering strain gauge-based
transducers. In this circuit the output voltage is divided
down and compared to the 2. 5V reference by A1, a preci-
sion amplifier. A1 's output is used to force the LT317A's
adjustment pin to whatever voltage is required to maintain
the 10V output. A1 contributes negligible error. The
resistors specified will track within 5ppm/oC and the
reference contributes about 20ppm/oC. The regulator's
internal circuitry protects against short circuits and ther-
mal overload.

Figure 13's circuit allows a regulator to remotely sense
the feedback voltage, eliminating the effects of voltage
drop in the supply lines. This is a concern where high
currents must be transmitted over relatively long supply
rails or PCtraces. Figure 13 's circuit uses A1 to sense the
voltage at the point of load. A 1's output, summed with the
regulator's output, modifies the adjustment pin voltage to
compensate for the voltage lost across ROROP.The feed-
back divider is returned through a separate lead from the
load. completing the remote sensing scheme. The 5j.tF
capacitor filters noise and the 1k value limits bypass
capacitor discharge when power is turned off.

VIN IN LT317AH OUT

AOJ
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A final circuit allows voltage regulator-powered circuitry
to run from 11OVACor 220VAC without having to switch
transformer windings. Regulator dissipation does not in-
crease for 220VAC inputs. In Figure 14, when T1 is
driven from 110VAC, the LT1011 output goes high,
allowing the SCR to receive gate bias through the 1.2k
resistor. The 1N4002 is off. n' s output is rectified by the
SCR and the regulator sees about 8. 5V at its input. If T1 is
plugged into a 220VAC source, the negative input at the
Ln 011 is driven beyond 2.5V and the device's output
clamps low. This steers the SCA's gate bias to ground
through the Ln011's output transistor. The diodes in the

VIN IN LT350A OUT

AOJ

jTl

110-
220AC

Ln 011 output line prevent reverse voltages from
reaching the SCR or the Ln 011 output. Now, the SCR
goes off and the 1N4002 sources current to the regulator
from n's center tap. Although T1 's input voltage has
doubled, its output potential has halved and regulator
power dissipation remains the same. Figure 15 shows
the AC line input versus regulator input voltage trans'fer
function. The switch to center tap drive occurs midway
between 11OVAC and 220VAC. The hysteresis, a desir-
able characteristic, occurs because n's output voltage
shifts with the step change in loading.

HIGH CURRENT
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+
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Applications for a Switched-Capacitor Instrumentation
Building Block
Jim Williams

CMOS analog IC design is largely based on manipulation
of charge. Switches and capacitors are the elements used
to control and distribute the charge. Monolithic filters,
data converters and voltage converters rely on the ex-
cellent characteristics of IC CMOS switches. Because of
the importance of switches in their circuits, CMOS
designers have developed techniques to minimize switch
induced errors, particularly those associated with stray
capacitance and switch timing. Until now, these tech-
niques have been used only in the internal construction of
monolithic devices. A new device, the LTC1043, makes
these switches available for board level use. Multi-pole
switching and a self-driven, non-overlapping clock allow
the device to be used in circuits which are impractical
with other switches.

Conceptually, the LTC1043 is simple. Figure 1 details its
features. The oscillator, free-running at 200kHz, drives a
non-overlapping clock. Placing a capacitor from pin 16 to
ground shifts the oscillator frequency downward to any
desired point. The pin may also be driven from an external
source, synchronizing the switches to external circuitry.
A non-overlapping clock controls both DPDT switch sec-
tions. The non-overlapping drive prevents simultaneous
conduction in the series connected switch sections.

Charge balancing circuitry cancels the effects of stray
capacitance. Pins 1 and 10 may be used as guard points
for pins 3 and 12 in particularly sensitive applications.

m !ill
v+ v-
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Although the device's operation is simple, it permits sur-
prisingly sophisticated circuit functions. Additionally, the
careful attention paid to switching characteristics makes
implementing such functions relatively easy. Discrete
timing and charge-balance compensation networks are
eliminated, reducing component count and trimming
requirements.

Classical analog circuits work by utilizing continuous
functions. Their operation is usually described in terms of
voltage and current. Switched-capacitor based circuits
are sampled data systems which approximate continuous
functions with bandwidth limited by the sampling fre-
quency. Their operation is described in the distribution of
charge over time. To best understand the circuits which
follow, this distinction should be kept in mind. Analog
sampled data and carrier based systems are less com-
mon than true continuous approaches, and developing a
working familiarity with them requires some thought.

Switched-capacitor approaches have greatly aided ana-
log MOS IC design. The LTC1043 brings many of the
freedoms and advantages of CMOS IC switched-capaci-
tor circuits to the board level, providing a valuable addi-
tion to available design techniques.

Instrumentation Amplifier

Figure 2 uses the LTC1043 to build a simple, precise
instrumentation amplifier. An LTC1043 and an LT1 013
dual op amp are used, allowing a dual instrumentation
amplifier using just two packages. A single DPDT section
converts the differential input to a ground referred single-
ended signal at the LT1013's input. With the input
switches closed, C1 acquires the input signal. When the
input switches open, C2's switches close and C2 re-
ceives charge. Continuous clocking forces C2's voltage
to equal the difference between the circuit's inputs. The
0.01jLF capacitor at pin 16 sets the switching frequency
at 500Hz. Common-mode voltages are rejected by over
120d Band drift is low.

CMRR> 120<1B AT DC
CMRR> 120dB AT 60Hz
DUAL SUPPLY OR SINGLE 5V
GAIN=l+R2IRl
Vos = 150.V

6Vos :::::.2,N/"C
aT

COMMON-MODE INPUT VOLTAGE INCLUDES THE SUPPLIES
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Amplifier gain is set in the conventional manner. This cir-
cuit is a simple, economical way to build a high perform-
ance instrumentation amplifier. Its DC characteristics
rival any IC or hybrid unit and it can operate from a single
5V supply. The common-mode range includes the supply
rails, allowing the circuit to read across shunts in the
supply lines. The performance of the instrumentation
amplifier depends on the output amplifier used. Specifi-
cations for an LT1013 appear in the figure. Lower figures
for offset, drift and bias current are achievable by em-
ploying type LT1001, LT1012, LT1056 or the chopper-
stabilized LTC1052.

Ultra-High Performance Instrumentation Amplifier

Figure 3 is similar to Figure 2, but utilizes the remaining
LTC1043 section to construct a low drift chopper
amplifier. This approach maintains the true differential in-
puts while achieving 0.1p.V / °C drift. The differential in-
put is converted to a single-ended potential at pin 7 of the
LTC1043. This voltage is chopped into a 500Hz square
wave by the switching action of pins 7, 11, and 8. A1, AC
coupled, amplifies this signal. A1 's square wave output,
also AC coupled. is synchronously demodulated by
switches 12,14, and 13. Because this switch section is

CHOPPER

r';LrCW43~
7

synchronously driven with the input chopper, proper
amplitude and polarity information is presented to A2, the
DC output amplifier. This stage integrates the square
wave into a DCvoltage to provide the output. The output is
divided down and fed back to pin 8 of the input chopper
where it serves as the zero signal reference. Because the
main amplifier is AC coupled, its DC terms do not affect
overall circuit offset, resulting in the extremely low offset
and drift noted in the specifications. This circuit offers
lower offset and drift than any commercially available in-
strumentation amplifier.

lock-In Amplifier

The AC carrier approach used in Figure 3 may be extend-
ed to form a "lock-in" amplifier. A lock-in amplifier
works by synchronously detecting the carrier modulated
output of the signal source. Because the desired signal
information is contained within the carrier, the system
constitutes an extremely narrow-band amplifier. Non-
carrier related components are rejected and the amplifier
passes only signals which are coherent with the carrier.
In practice, lock-in amplifiers can extract a signal 120dB
below the noise level.

OC
OUTPUT

AMPLIFIER

',F

OFFSET = 'O,V
ORIFT=O."VloC
FUll DIFFERENTIAL INPUT
CMRR= 140<18
OPEN lOOP GAIN> loB
GAIN = R2/R, +'
ISlAS = 1nA
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Figure 4 shows a lock-in amplifier which uses a single
LTC1043 section. In this application, the signal source is
a thermistor bridge which detects extremely small
temperature shifts in a biochemical microcalorimetry
reaction chamber.

The 500Hz carrier is applied at T1's input (Trace A,
Figure 5).T1's floating output drives the thermistor
bridge, which presents a single-ended output to A1. A1
operates at an AC gain of 1000. A 60Hz broadband noise
source isalsodeliberately injected intoA 1's input (Trace B).
The carrier's zero crossi ngs are detected by C1. C1 's

outputciockstheLTC1 043 (TraceC). A1'soutput(Trace D)
shows the desired 500Hz signal buried within the 60Hz
noise source. The LTC1043's zero-cross-synchronized
switching at A2's positive input (Trace E) causes A2's
gain to alternate between plus and minus one. As a
result, A1's output is synchronously demodulated by A2.
A2's output (Trace F) consists of demodulated carrier
signal and non-coherent components. The desired carrier
amplitude and polarity information is discernible in A2's
output and is extracted by filter-averaging at A3. To trim
this circuit, adjust the phase potentiometer so that C1
switches when the carrier crosses through zero.

SYNCHRONOUS
DEMODULATOR

10k" 10k'

Tl = TF5SX17ZZ, TOROTEL
RT=YSI THERMISTOR 44006

=6.19k AT 37.5°C
"MATCH 0.05%

6.19k=VISHAY S·102
OPERATE LTC1043 WITH
± 5V SUPPLIES

LOCK-IN AMPLIFIER TECHNIOUE
USED TO EXTRACT VERY SMALL SIGNALS
BURIED INTO NOISE.

A=2V/OIV

B=2V/DIV

C=50V/DIV

O=5V/OIV

E=5V/DIV



Wide Range, Digitally Controlled, Variable Gain Amplifier

Aside from low drift and noise rejection, another dimen-
sion in amplifier design is variable gain. Designing a wide
range, digitally variable gain block with good DC stability
is a difficult task. Such configurations usually involve
relays or temperature compensated FET networks in ex-
pensive and complex arrangements. The circuit shown in
Figure 6 uses the LTC1043 in a variable gain amplifier
which features continuously variable gain from 0-1000,
gain stability of 20ppm/ ac and single-ended or differen-
tial input. The circuit uses two separate LTC1043s. Unit A
is clocked by a frequency input which could be derived
from a host processor. LTC1043B is continuously clocked
by a 1kHz source which could also be processor sup-
plied. Both LTC1043s function as the sampled data
equivalent of a resistor within the bandwidth set by A1's
0.01/lF value and the switched-capacitor equivalent
feedback resistor. The time-averaged current delivered to
the summing point by LTC1043A is a function of the
0.01/lF capacitor's input-derived voltage and the com-
mutation frequency at pin 16. Low commutation frequen-

Application Note 3

cies result in small time-averaged current values,
approximating a large input resistor. Higher frequencies
produce an equivalent small input resistor. LTC1043B, in
A1's feedback path, acts in a similar fashion. For the cir-
cuit values given, the gain is simply:

G - J!!!... .Q,Q1l!£
- 10 x 100pF

Gain stability depends on the ratiometric stability between
the 1kHz and variable clocks (which could be derived
from a common source) and the ratio stability of the
capacitors. For polystyrene types, this will typically be
20ppm/ ac. The circuit input, determined by the pin con-
nections shown in the figure, may be either single-ended
or fully differential. Additionally, although A1 is con-
nected as an inverter, the circuit's overall transfer func-
tion may be either positive or negative. As shown, with
pins 13A and 7A grounded and the input applied to 8A, it
is negative.

I
I
I

16B
Q--1kHZ CLOCK

I
I
I

14B

r-----..,

1)
-1:A LTC1043A 1~A

I I
I 12A Il C1 IJjOD1"FI

l 11A:

I I
7A 8A

~elN (FOR DIFFERENTIALINPUT. GROUNDPIN 8A_ I AND USE PINS 13A AND 7A FORINPUTS)
- I 18A

L -1J--IIN D-l0kHz=GAIN 0-1000
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Precision, Linearized Platinum RTD Signal Conditioner

Figure 7 shows a circuit which provides complete,
linearized signal conditioning for a platinum RTD. One
side of the RTO sensor is grounded, often desirable for
noise considerations. This LTC1043 based circuit is con-
siderably simpler than instrumentation or multi-amplifier
based designs and will operate from a single 5V supply.
A1 serves as a voltage-controlled ground referred current
source by differentially sensing the voltage across the
887n feedback resistor. The LTC1043 section which
does this presents a single-ended signal to A1's negative
input, closing a loop. The 2k-0.1~F combination sets
amplifier roll-off well below the LTC1043's switching fre-
quency and the configuration is stable. Because A1's
loop forces a fixed voltage across the 887n resistor, the
current through Rp is constant. A1's operating point is
primarily fixed by the 2.5V LT1009 voltage reference.

0.1"F

2k r -'hLTI;;o43 ..,

I
I
I
1887\)
I
I
I

Rp
10011
at O°C

274k'

50k
ZERO
ADJUST

The RTO's constant current forces the voltage across it to
vary with its resistance, which has a nearly linear positive
temperature coefficient. The non-linearity could cause
several degrees of error over the circuit's 0°C-400°C
operating range. A2 amplifies Rp's output, while
simultaneously supplying non-linearity correction. The
correction is implemented by feeding a portion of A2's
output back to A1's input via the 1Ok-250k divider. This
causes the current supplied to Rp to slightly shift with its
operating point, compensating sensor non-linearity to
within ± 0.05°C. The remaining LTC1043 section fur-
nishes A2 with a differential input. This allows an offset-
ting potential, derived from the LT1009 reference, to be
subtracted from Rp's output. Scaling is arranged so O°C
equals OVat A2's output. Circuit gain is set by A2's feed-
back values and linearity correction is derived from the
output.

Rp=RDSEMOUNT 118MFRTD
'1% FILM RESISTDR

TRIM SEOUENCE:
SET SENSOR TO DOC VALUE. ADJUST ZERO
FOR OV DUT. SET SENSOR TO 100°C VALUE.
ADJUST GAIN FOR 1,OOOV OUT SET SENSOR
TO 400°C VALUE. ADJUST LINEARITY FOR 4.DDDV OUT.
REPEAT AS REQUIRED.
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To calibrate this circuit, substitute a precision decade box
(e.g., General Radio 1432k) for Rp. Set the box to the O°C
value (100.000) and adjust the offset trim for a O.OOV
output. Next, set the decade box for a 140°C output
(154.260) and adjust the gain trim for a 1.400V output
reading. Finally, set the box to 249.0°C (400.00°C) and
trim the linearity adjustment for a 4.000V output. Repeat
this sequence until all three points are fixed. Total error
over the entire range will be within ± 0.05°C. The
resistance values given are for a nominal 100.000 (O°C)
sensor. Sensors deviating from this nominal value can be
used by factoring in the deviation from 100.000. This
deviation, which is manufacturer specified for each in-
dividual sensor, is an offset term due to winding toler-
ances during fabrication of the RTD. The gain slope of the
platinum is primarily fixed by the purity of the material
and is a very small error term.

Note that A1 constitutes a voltage controlled current
source with input and output referred to ground. This is a
difficult function to achieve and is worthy of separate
mention.

SENSOR = PANAMETRICS # RHS
= 500pF AT RH = 76%

1.7pF/% RH

Relative Humidity Sensor Signal Conditioner

Relative humidity is a difficult physical parameter to
transduce, and most transducers available require fairly
complex signal conditioning circuitry. Figure 8 combines
two LTC1043s with a recently introduced capacitively
based humidity transducer in a simple charge-pump
based circuit.

The sensor specified has a nominal 500pF capacitance at
RH= 76%, with a slope of 1. 7pF / % RH. The average
voltage across this device must be zero. This provision
prevents deleterious electrochemical migration in the
sensor. LTC1043A inverts a resistively scaled portion of
the LT1009 reference, generating a negative potential at
pin 14A. LTC1043B alternately charges and discharges
the humidity sensor via pins 12B, 13B, and 14B. With
14B and 12B connected, the sensor charges via the 1JtF
unit to the negative potential at pin 14A. When the
14B-12B pair opens, 12B is connected toA1's summing
point via 13B. The sensor now discharges into the sum-
ming point through the 1JtF capacitor. Since the charge
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voltage is fixed, the average current into the summing
point is determined by the sensor's humidity related
value. The 1JLF value AC couples the sensor to the
charge-discharge path, maintaining the required zero
average voltage across the device. The 22M resistor
prevents accumulation of charge, which would stop cur-
rent flow. The average current into A1's summing point is
balanced by packets of charge delivered by the switched-
capacitor network in A1's feedback loop. The 0.1JLF
capacitor gives A1 an integrator-like response, and its
output is DC.

To allow 0% RH to equal OV, offsetting is required. The
signal and feedback terms biasing the summing point are
expressed in charge form. Because of this, the offset
must also be delivered to the summing point as charge,
instead of a simple DCcurrent. If this is not done, the cir-
cuit will be affected by frequency drift of LTC1043B's
oscillator. Section 8B-11 B-7B serves this function,
delivering LT1009-referenced offsetting charge to A1.

500
90%

RH TRIM

r-----,m'I'LTC1043

13 14

I I
L_ 12 _-I

1.F 1.F

":" SENSORD22M1---310k
":" 5% RH TRIM

Drift terms in this circuit include the LT1009 and the ratio
stability of the sensor and the 100pF capacitors. These
terms are well within the sensor's 2% accuracy specifi-
cation and temperature compensation is not required. To
calibrate this circuit, place the sensor in a known 5% RH
environment and adjust the" 5% RH trim" for 0.05V out-
put. Next, place the sensor in a 90% RH environment and
set the "90% RH trim" for 900mV output. Repeat this
procedure until both points are fixed. Once calibrated,
this circuit is accurate within 2% in the 5%-90% RH
range.

Figure 9 shows an alternate circuit which requires two op
amps but needs only one LTC1043 package. This circuit
retains insensitivity to clock frequency while permitting a
DC offset trim. This is accomplished by summing in the
offset current after A1.

OUTPUT -
OV-1V=
0%-100%

SENSOR = PANAMETRICS # RHS
~ 500pF AT RH = 76%
1.7 pF/%RH
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LVDT Signal Conditioner

LVOTs (Linear Variable Oifferential Transformers) are
another example of a transducer which the LTC1043 can
signal condition. An LVOT is a transformer with a
mechanically actuated core. The primary is driven by a
sine wave, usually amplitude stabilized. Sine drive
eliminates error inducing harmonics in the transformer.
The two secondaries are connected in opposed phase.
When the core is positioned in the magnetic center of the
transformer, the secondary outputs cancel and there is no
output. Moving the core away from the center position
unbalances the flux ratio between the secondaries,
developing an output. Figure 10 shows an LTC1043

01
2N4338

1.2k

based LVOT signal conditioner. A1 and its associated
components furnish the amplitude stable sine wave
source. A1's positive feedback path is a Wein bridge,
tuned for 1.5kHz. 01, the LT1004 reference, and addi-
tional components in A1's negative loop unity-gain
stabilize the amplifier. A1's output (Trace A, Figure 11),
an amplitude stable sine wave, drives the LVOT. C1
detects zero crossings and feeds the LTC1043 clock pin
(Trace B). A speed-up network at C1 's input compen-
sates LVOT phase shift, synchronizing the LTC1043's
clock to the transformer's output zero crossings. The
LTC1043 alternately connects each end of the

OUTPUT
DV- ±2.5V
DM-±2.50MM

20Dk
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A=10V

B=10V

C=O.2V
D=O.2V

E=O.2V

transformer to ground, resulting in positive half-wave
rectification at pins 7 and 14 (Traces C and D, respec-
tively). These points are summed (Trace E) at a low pass
filter which feeds A2. A2 furnishes gain scaling and the
circuit's output.

The LTC1043's synchronized clocking means the infor-
mation presented to the low pass filter is amplitude and
phase sensitive. The circuit output indicates how far the
core is from center and on which side.

To calibrate this circuit, center the LVDT core in the
transformer and adjust the phase trim for OV output.
Next, move the core to either extreme position and set the
gain trim for 2.50V output.

Charge Pump F ...• V and V ...• F Converters

Figure 12 shows two related circuits, both of which show
how the LTC1043 can simplify a precision circuit func-
tion. Charge pump F- V and V - F converters usually
require substantial compensation for non-Ideal charge
gating behavior. These examples equal the performance
of such circuits, while requiring no compensations.
These circuits are economical, component count is low,
and the 0.005% transfer linearity equals that of more
complex designs. Figure 12A is an F- V converter. The
LTC1043's clock pin is driven from the input (Trace A,
Figure 13). With the input high, pins 12 and 13 are
shorted and 14 is open. The 1000pF capacitor receives
charge from the 1JLFunit, which is biased by the LT1004.
At the input's negative-going edge, pins 12-13 open and
12-14 close. The 1000pF capacitor quickly removes cur-
rent (Trace B) from A1's summing node. Initially, current

is transferred through A1's feedback capacitor and the
amplifier output goes negative (Trace C). When A1
recovers, it slews positive to a level which resets the
summing junction to zero. A1 's 1JLFfeedback capacitor
averages this action over many cycles and the circuit
output is a DC level linearly related to frequency. A1's
feedback resistors set the circuit's DC gain. To trim the
circuit, apply 30kHz in and set the 1OkQ gain trim for ex-
actly 3V output. The primary drift term in this circuit is the
120ppm/oC tempco of the 1000pF capacitor, which
should be polystyrene. This can be reduced to within
20ppm / °C by usi ng a feed back resistor with an oppos-
ing tempco (e.g., TRW # MTR-5/ + 120ppm). The input
pulse width must be low for at least 1OOnsto allow com-
plete discharge of the 1000pF capacitor.

In Figure 12B, the LTC1043 based charge pump is placed
in A1's feedback loop, resulting in a V - F converter. The
clock pin is driven from A1's output. Assume that A1 's
negative input is just below OV. The amplifier output is
positive. Under these conditions, LTC1043's pins 12 and
13 are shorted and 14 is open, allowing the 0.01JLFcapaci-
tor to charge toward the negative 1.2V LT1004. When the
input-voltage-derived current forces A1's summing point
(Trace A, Figure 13) positive, its output (Trace B) goes
negative. This reverses the LTC1043's switch states, con-
necting pins 12 and 14. Current flows from the summing
point into the 0.01JLF capacitor (Trace C). The 30pF-22k
combination at A1 's positive input (Trace D) ensures A1
will remain low long enough for the 0.01JLF capacitor to
completely reset to zero. When the 30pF-22k positive
feedback path decays, A1's output returns positive and
the entire cycle repeats. The oscillation frequency of this
action is directly related to the input voltage with a transfer
linearity of 0.005%.

Start-up or overdrive conditions could force A1 to go to
the negative rail and stay there. Q1 prevents this by pull-
ing the summing point negative if A1 's output stays low
long enough to charge the 1JLF-330k RC. Two LTC1043
switch sections provide complementary sink-source out-
puts. Similar to the F- V circuit, the 0.01JLF capacitor is
the primary drift term, and the resistor type noted above
will provide optimum tempco cancellation. To calibrate
this circuit, apply 3V and adjust the gain trim for a 30kHz
output.
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12-Bit A- 0 Converter

Figure 15 shows the LTC1043 used to implement an
economical 12-bit A- D converter. The circuit is self-
clocking, has a serial output, and completes a full-scale
conversion in 25ms.

reference source and then dumping it into A1's summing
point. A1, connected as an integrator, responds with a
linear ramp output (Trace B, Figure 16). This ramp is
compared to the input voltage by C1B. When the crossing
occurs, C1B's output goes low (Trace C, just faintly visible
in the photograph), setting the flip-flop high (Trace D). This
pulls LTC1043's pin 16 high, resetting A1 's integrator

Two LTC1043s are used in this design. Unit A free-runs,
alternately charging the 1OOpFcapacitor from the LT1004

i------~~------~
I
I
I
I
I
I

14B

SOO r-----.,

'·"':m-~
O.l,F T'OOPF

O

":" ":"r----,
~ SA

+sv I -I
L .J

SERIAL OUTPUT
OV-3V=
0-4096 COUNTS

I A=20V/DIV

A B=0.2V/OIV
C=20V/OIV

0~20V/DIV

{

E=20V/OIV

B F = 100mV /OIV
G=20V/OIV
H ~20V/OIV

A HORIZONTAL=500",IOIV

B HORIZONTAL~ 20",1 D1V



capacitor via the paralleled switches. Simultaneously,
pin 14B opens, preventing charge from being delivered to
A1's summing point during the reset. The flip-flop's Q out-
put, low during this interval, causes an AC negative-going
spike at C1A. This forces C1A's output high, inserting a
gap in the output clock pulse stream (Trace A). The width
of this gap, set by the components at C1A's negative in-
put, is sufficient to allow a complete reset of A1's in-
tegrating capacitor. The number of pulses between gaps is
directly related to the input voltage. The actual conversion
begins at the gap's negative edge and ends at its positive
edge. The flip-flop output may be used for resetting. Alter-
nately, a processor driven' 'time-out" routine can deter-
mine the end of conversion. Traces E through Hoffer
expanded scale versions of Traces A through D, respec-
tively. The staircase detail of A1's ramp output reflects the
charge pumping action at its summing point. Note that drift
in the 100pF and 0.1J.tFcapacitors, which should be poly-
styrene, ratiometrically cancels. Full-scale drift for this cir-
cuit is typically 20ppm/oC, allowing it to hold 12-bit
accuracy over 25°C + 10°C. Tocalibrate the circuit, apply
3V in and trim the gain potentiometer for 4096 pulses out
between data stream gaps.

1k :rr-"'il.r - ..,

Figure 17. Voltage Controlled Current Source with Ground
Referred Input and Output
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Miscellaneous Circuits

Figures 17-22 show a group of miscellaneous circuits,
most of which are derivations of applications covered in
the text. As such, only brief comments are provided.

Voltage-Controlled Current Source-Grounded Source
and Load

This is a simple, precise voltage-controlled current
source. Bipolar supplies will permit bipolar output. Con-
figurations featuring a grounded voltage control source
and a grounded load are usually more complex and dec

pend upon several components for stability. In this cir-
cuit, accuracy and stability are almost entirely dependent
on the 1000 shunt.

Current Sensing in Supply Rails

The LTC1043 can sense current through a shunt in either
of its supply rails (Figure 18). This capability has wide
application in battery and solar-powered systems. If the
ground-referred voltage output is unloaded by an ampli-
fier, the shunt can operate with very little voltage drop
across it, minimizing losses.
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0.01 % Analog Multiplier

Figure 19, using the V- F and F- V circuits previously
described, forms a high precision analog multiplier. The
F- V input frequency is locked to the V- F output
because the LTC1043's clock is common to both sec-
tions. The F- V's reference is used as one input of the
multiplier, while the V- F furnishes the other. To
calibrate, short the X and Y inputs to 1.7320V and trim for
a 3V output.

Inverting a Reference

Figure 20 allows a reference to be inverted with 1ppm ac-
curacy. This circuit features high input impedance and
requires no trimming.

Low Power, 5V Driven, Temperature Compensated
Crystal Oscillator

Figure 21 uses the LTC1043 to differentiate between a
temperature sensing network and a DC reference. The
single-ended output biases a varactor tuned crystal
oscillator to compensate drift. The varactor-crystal net-
work has high DC impedance, eliminating the need for an
LTC1043 output amplifier.

Simple Thermometer

Figure 22's circuit is conceptually similar to the platinum
RTD example of Figure 7. The thermistor network speci-
fied eliminates the requirement for a linearity trim, at the
expense of accuracy and range of operation.

20k
OUTPUT

TRIM

OPERATE LTC1043 FROM ±5V
tPOLYSTYRENE. MOUNT CLOSE
'I % FILM RESISTOR

ADJUST OUTPUT TRIM
SO x· Y=OUTPUT ±0.01%T1

•
F

Figure 19. Analog Multiplier with 0.01 % Accuracy
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Rn TEMPERATURE
3.2k COMPENSATION
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+5V

10k 5%

16.2k lk DoC

LT1004
1.235V
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6250
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High Current, "Inductorless," Switching Regulator
Figure 23 shows a high efficiency battery driven regulator
with a 1A output capacity. Additionally, it does not require
an inductor, an unusual feature for a switching regulator
operating at this current level.

The LTC1043 switched-capacitor building block provides
non-overlapping complementary drive to the 01-04 power
MOSFETs. The MOSFETs are arranged so that C1 and C2
are alternately placed in series and then in parallel. During
the series phase, the + 12V battery's current flows

through both capacitors, charging them and furnishing
load current. During the parallel phase, both capacitors
deliver current to the load. Traces A and S, Figure 24, are
the LTC1043-supplied drives to 03 and 04, respectively.
01 and 02 receive similar drive from pins 3 and 11. The
diode-resistor networks provide additional non-overlap-
ping drive characteristics, preventing simultaneous drive
to the series-parallel phase switches. Normally, the output
would be one-half of the supply voltage. but C1 and its
associated components close a feedback loop, forcing the
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output to 5V. With the circuit in the series phase, the out-
put (Trace C) heads rapidly positive. When the output ex-
ceeds 5V, C1 trips, forcing the LTC1043 oscillator pin
(Trace 0) high. This truncates the LTC1043's triangle
wave oscillator cycle. The circuit is forced into the parallel
phase and the output coasts down slowly until the next
LTC1043 clock cycle begins. C1 's output diode prevents
the triangle down-slope from being affected and the 100pF

capacitor provides sharp transitions. The loop regulates
the output to 5V by feedback controlling the turn-off point
of the series phase. The circuit constitutes a large scale
switched-capacitor voltage divider which is never allowed
to complete a full cycle. The high transient currents are
easily handled by the power MOSFETs and overall effi-
ciency is 83 % .

ALL DIDOES ARE lN4148
01.02.03= IRF9531 P·CHANNEL
04 = IRF533 N·CHANNEL



Applications for a New Power Buffer

A frequent requirement in systems involves driving
analog signals into non-linear or reactive loads. Cables,
transformers, actuators, motors, and sample-hold cir-
cuits are examples where the ability to drive difficult loads
is required. Although several power buffer amplifiers are
available, none have been optimized for driving difficult
loads. The LT1010 can isolate and drive almost any reac-
tive load. It also offers current limiting and thermal
overload protection which protect the device against out-
put fault conditions. The combination of good speed, out-
put protection, and reactive load driving capability (see
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Box Section, "The LT1010 at a Glance' ') make the device
useful in a variety of practical situations.
Buffered Output Line Driver

Figure 1 shows the LT1010 placed within the feedback
loop of an operational amplifier. At lower frequencies, the
buffer is within the feedback loop and its offset voltage
and gain error are negligible. At higher frequencies, feed-
back is through CF so that phase shift from load
capacitance acting against the buffer's output resistance
does not cause loop instability.
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Figure 2 shows this configuration driving a 50n-O.33itF
load. The waveform is clean, with controlled damping.
With C load increased to a brutal 2itF, the circuit is still
stable (Trace A, Figure 3), even though the large
capacitance requires substantial current (Trace B) from
the LT1010. Adjustment of the RF-CF time constant would
allow improved damping.

Although this circuit is useful, its speed is limited by the
op amp.

Fast, Stabilized Buffer Amplifier

Figure 4 shows a way to eliminate this restriction, while
maintaining good DC characteristics. Here, the LT1010 is
combined with a wideband gain stage, 01-03, to form a
fast inverting configuration. The LT1008 op amp DC
stabilizes this stage by biasing the 02-03 emitters to
force a zero DC potential at the circuit's summing junc-
tion. The roll-offs of the fast stage and the op amp are ar-
ranged to provide smooth overall circuit response.

CHARACTERISTICS
FULL POWER ~ 1MHz
SmUNG=5,.s/O.Ol%
SLEW=100V/,.s
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Because the circuit's DC stabilization path occurs in
parallel with the buffer, higher speed is obtainable.
Figure 5 shows the circuit driving a 6000-2500pF load.
Despite the heavy load, the output (Trace B) does a good
job of following the input (Trace A) at a gain of -1.

Video Line Driving Amplifier

In many applications, DC stability is unimportant and AC
gain is required. Figure 6 shows how to combine the
LT1010's load handling capability with a fast, discrete
gain stage. 01 and 02 form a differential stage which

single-ends into the LT1010. The capacitively terminated
feedback divider gives the circuit a DC gain of 1, while
allowing AC gains up to 10. Using a 200 bias resistor
(see Box Section), the circuit delivers 1Vp-p into a typical
750 video load. For applications sensitive to NTSC re-
quirements, dropping the bias resistor value will aid
performance.

At A = 2, the gain is within 0.5dB to 10MHz with the
-3dB point occurring at 16MHz. At A=10, the gain is
flat (± 0.5dB to 4MHz) with a - 3dB point at 8MHz. The
peaking adjustment should be optimized under loaded
output conditions.

HORIZONTAL = l"s/OIV

Figure 5

INPUT 01 02
2N3866

(2) TYPICAL SPECIFICATIONS
lVp-p INTO 750
AT A=2
'hdB TO 10MHz
3dB DOWN AT 16MHz
ATA~10
V,dB TO 4MHz
-3dB=8MHz
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Figure 7 shows a video distribution amplifier. In this ex-
ample, resistors are included in the output line to isolate
reflections from unterminated lines. If the line character-
istics are known, the resistors may be deleted. To meet
NTSC gain-phase requirements, a small value boost re-
sistor is used. Each 1Vp-p channel output is essentially
flat through 6MHz into a 750 load.

Fast, Precision Sample-Hold Circuit

Sample-hold circuits require high capacitive load driving
capability to achieve fast acquisition times. Additionally,
other tradeoffs must be considered to achieve a good
design. The conceptual circuit of Figure 8 illustrates
some of the issues encountered. Fast acquisition re-
quires high charge currents and dynamic stability, which

lVp·p
OUTPUTS
INTO 750



Application Note 4

the LT1010 can provide. To get reasonable droop rate, the
hold capacitor must be appropriately sized, but too large
a value means FET switch on-resistance will effect ac-
quisition time. If very low on-resistance FETs are used,
the parasitic gate-source capacitance becomes signifi-
cant and a substantial amount of charge is removed from
the hold capacitor when the gate is switched off. This
charge removal causes the stored voltage to abruptly
change when the circuit is switched into the hold mode.
This phenomenon, called" hold step", limits accuracy. It
can be combatted by increasing the hold capacitor's
value, but then acquisition time suffers. Finally, since a
TTL compatible input is desirable, the FET requires a
level shift. This level shift must provide adequate pinch-
off voltage over the entire range of circuit inputs and must
also be fast. Delays will result in aperture errors, in-
troducing dynamic sampling inaccuracies.

Figure 9 shows a circuit which combines the LT1010 with
some techniques to produce a fast, precise sample-hold
circuit. 01 through 04 constitute a very fast TTL compat-
ible level shift. Total delay from the TTL input switching
into hold to 06 turning off is 16ns. Baker clamped 01
biases 03's emitter to switch level shifter 04. 02 drives a
heavy feedforward network, speeding 04's switching.
This stage affords low aperture errors, while providing
the necessary level shift for 06' s gate. The hold step error
due to 06's parasitic gate-source capacitance is compen-
sated for by 05 and the LT318A amplifier (A3).

The amount of charge removed by 06's parasitic capaci-
tance is signal dependent (0 = CV). To compensate this
error, A3 measures the circuit output and biases the 05
switch. Each time the circuit switches into hold mode, an
appropriate amount of charge is delivered through the

INPUT

+15V

3k 4.7k 1.5k
S·H INPUT HP5082·2810 1N4148

TIL
1 =SAMPLE

O=HOLD
1k

01 15pF 10k
2N2369

20k ':'

-15V

-15V

13k

SPARE t 2.5V

LT1009
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potentiometer-15pF network in Q5's emitter. The
amount of charge is scaled to compensate for charge re-
moval due to Q6's parasitic term. A3's inverting input is
biased so that negative supply shifts, which alter the
charge removed through C parasitic, are accounted for in
the compensating charge. Compensation is set by
grounding the signal input, clocking the S-H line and ad-
justing the potentiometer for minimum disturbance at the
circuit's output.

Figure 10 shows the circuit at work. When the sample-hold
input (Trace A, Figure 10) goes into hold, charge cancella-
tion occurs and the output (Trace B) sees less than 250jJV
of hold step error within 1OOns.Without compensation, the
error would be 50mV (Trace B, Figure 11- Trace A is the
sample-hold input).

Figure 12 shows the LT1010's contribution to fast ac-
quisition. The circuit acquires a 10V signal in this
photograph. Trace A is the sample-hold input. Trace B
shows the LT1010 delivering over 100mA to the hold
capacitor and Trace C depicts the output value slewing

and settling to final value. Note that the acquisition time is
limited by amplifier settling time and not capacitor charge
time. Pertinent specifications include:

Acquisition time: 2J1.sto 0.01 %
Hold settling time: < 100ns to 1mV
Aperture time: 16ns

Motor Speed Control

The LT1010's ability to drive difficult loads is exploited in
Figure 13's circuit. Here, the buffer drives a motor-
tachometer combination. The tachometer signal is fed
back and compared to a reference current and the 301A
amplifier closes a control loop. The 0.47 J1.Fcapacitor pro-
vides stable compensation. Because the tachometer out-
put is bipolar, the speed is controllable in both directions,
with clean transitions through zero. The LT1010's ther-
mal protection is particularly useful in this application,
preventing device destruction in the event of mechanical
overload or malfunction.

1k lOOk
SPEEO

CONTROL

-15V-.r- =lN4001.
MOTOR·GENERATOR~ TRANSICOIL-1115-115.
MOTOR = 11V 14500RPM.
TACH SLOPE=1.9V/1000RPM.

Figure 13. Overload Protected Motor Speed Controller
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Fan-Based Temperature Controller

Figure 14 shows a way to use the LT1010 to control a fan
motor's speed to regulate instrument temperature. The
fan employed is one of the new electrostatic types which
has very high reliability because it contains no wearing
parts. These devices require high voltage drive. When
power is applied, the thermistor (located in the fan's ex-
haust stream) is at a high value. This unbalances the A3
amplifier driven bridge, A1 receives no power, and the fan
does not run. As the instrument enclosure warms, the
thermistor value decreases until A3 begins to oscillate.

'10/, METAL FILM
T1 ~ TRIAD F-131P
RT~Y.S.1. N44014
PIElo FAN=PIEZo PRODUCTS, NB

10k
TRIM FOR

60Hz

A2 provides isolation and gain and A4 drives the
transformer to generate high voltage for the fan. In this
fashion, the loop acts to maintain a stable instrument
temperature by controlling the fan's exhaust rate. The
100JLF time constant across the error amplifier pins is
typical of such configurations. Fast time constants will
produce audibly annoying "hunting" in the servo. Op-
timal values for this time constant and gain depend upon
the thermal and airflow characteristics of the enclosure
being controlled.

The schematic describes the basic elements of the buffer The scheme is not perfect in that the rate of rise of sink cur-
design. The op amp drives the output sink transistor, 03, rent is noticeably less than for source current. This can be
such thatthe collector current ofthe outputfollower never mitigated by connecting a resistor between the bias ter-
drops below the quiescent value (determined by I and the minal at V+ , raising quiescent current. A feature of the
area ratio of 01 and 02). As a result, the high frequency final design is that the output resistance is largely inde-
response is essentially that of a simple follower, even pendent of the follower quiescent current or the outputload
when 03 is supplying the load current. The internal feed- current. The output will also swing to the negative rail,
back loop is isolated from the effects of capacitive loading which is particularly useful with single supply operation.
in the output lead.

~7~ AN4-7
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The buffer is no more sensitive to supply bypassing than
slower op amps as far as stability is concerned. The

"O.1J.'Fdisc ceramic capacitors usually recommended for
op amps are certainly adequate for low frequency work.
As always, keeping the capacitor leads short and using a
ground plane are prudent, especially when operating at
high frequencies.

The buffer slew rate can be reduced by inadequate sup-
ply bypass. With output current changes much above
100mA/I'8, using 10J.'Fsolid tantalum capacitors on both
supplies is good practice, although bypassing frOm the
positive to the negative supply may suffice.

When used in conjunction with an op amp and heavily
loaded (resistive or capacitive), the buffer can couple into

"supply leads common to the op amp, causing stability
problems with the overall loop. Adequate bypassing can
usually be provided by 1OJ.'Fsolid tantalum capacitors.
Alternately, smaller capacitors could be used with
decoupling resistors. Sometimes the op amp has much

Sbetterhigh frequency rejection on one supply, so bypass
requirements are less on this supply.

alAS (20l! TO +POWER
INCREASES NEGATIVE SLEW RATE
NHILE RAISING QUIESCENT CuRRENT
TO -5OmA)

-POWEll

15MHz BANDWIDTH
lOOV 1.5 SLEW RATE
DRIVE", 10V IN 00 750
smA QU,ESCENT CURRENT
ORIVE CAPACtT:VE LOADS >1,.!'
CURRENT ITHERMAL lJM T
4.5\1 -40. SUPPLY RANGE.

In DC circuits, buffer dissipation is easily computed. In
AC circuits, signal waveshape and the nature of the load
determine dissipation. Peak dissipation can be several
times average with reactive loads. It is particularly impor-
tant to determine dissipation when driving large load
capacitance.

Overload Protection

The LT1010 has both instantaneous current limit and
thermal overload protection . .Foldback current limiting
has not been used, enabling the buffer to drive complex
loads without limiting. Because of this, it is capable of
power dissipation in excess.of its continuous ratings.

Normally, thermal overload protection will limit dissipa-
tion and prevent damage. However, with more than 30V
across the conducting output transistor, thermal limiting
is not quick enough to ensure protection in current limit.
The thermal protection is effective with 40V across the
conducting output transistor as long as.the loadcurrent is
otherwise limited to 150mA.

Drive Impedance

When driving capacitive loads, the Ln010 .likes to be
driven from a low source impedance at high frequencies.
Some low power op amps are marginal in this respect.
Some care may be required to avoid oscillations,
especially at low temperatures.

Bypassing the butter input with more than 200pF will
solve the problem. Raising the operating current also
works, but this can be done only on the TO-3 paCkage.

lH010 Conceptual Schematic
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Thermal Techniques in Measurement and Control Circuitry

Designers spend much time combating thermal effects in
circuitry. The close relationship between temperature and
electronic devices is the source of more design head-
aches than any other consideration.

In fact, instead of eliminating or compensating for thermal
parasitics in circuits, it is possible to utilize them. In par-
ticular, applying thermal techniques to measurement and
control circuits allows novel solutions to difficult prob-
lems. The most obvious example is temperature control.
Familiarity with thermal considerations in temperature
control loops permits less obvious, but very useful, ther-
mally based circuits to be built.

Temperature Controller

Figure 1 shows a precision temperature controller for a
small components oven. When power is applied, the ther-
mistor, a negative Te device, is at a high value. A1

saturates positive. This forces the LT3525A switching
regulator's output low, biasing 01. As the heater warms,
the thermistor's value decreases. When its inputs finally
balance, A1 comes out of satu ration and the LT3525A
pulse-width modulates the heater via 01, completing a
feedback path. A1 provides gain and the LT3525A fur-
nishes high efficiency. The 2kHz pulse-width modulated
heater power is much faster than the thermal loop's
response and the oven sees an even, continuous heat
flow.

The key to high performance control is matching the gain-
bandwidth of A1 to the thermal feedback path. Theoreti-
cally, it is a simple matter to do this using conventional
servo-feedback techniques. Practically, the long time
constants and uncertain delays inherent in thermal sys-
tems present a challenge. The unfortunate relationship
between servo systems and oscillators is very apparent in
thermal control systems.
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The thermal control loop can be very simply modeled as a
network of resistors and capacitors. The resistors are
equivalent to the thermal resistance and the capacitors
equivalent to thermal capacity. In Figure 2 the heater,
heator-sensor interface, and sensor all have RC factors
that contribute to a lumped delay in the ability of a thermal
system to respond. To prevent oscillation, A1's gain-
bandwidth must be limited to account for this delay.
Since high gain-bandwidth is desirable for good control,
the delays must be minimized. The physical size and
electrical resistivity of the heater selected give some ele-
ment of control over the heater's time constant. The
heater-sensor interface time constant can be minimized
by placing the sensor in intimate contact with the heater.

The sensor's RC product can be minimized by selecting a
sensor of small size relative to the capacity of its thermal
environment. Clearly, if the wall of an oven is 6" thick
aluminum, the tiniest sensor available is not an absolute

necessity. Conversely, if one is controlling the tempera-
ture of a 1/16 "thick glass microscope slide, a very small
sensor (i.e., fast) is in order.

After the thermal time constants relating to the heater and
sensor have been minimized, some form of insulation for
the system must be chosen. The function of insulation is
to keep the loss rate down so the temperature control
device can keep up with the losses. For any given sys-
tem, the higher the ratio between the heater-sensor time
constants and the insulation time constants, the better
the performance of the control loop.

After these thermal considerations have been attended
to, the control loop's gain-bandwidth can be optimized.
Figures 3A, 38, and 3C show the effects of different com-
pensation values at A1. Compensation is trimmed byap-
plying small steps in temperature setpoint and observing
the loop response at A1's output. The 500 resistor and

/ HEATER-SENSOR INTERFACE

TEMPERATURE REFERENCE
(CAN BE A RESISTANCE. VOLTAGE

OR CURRENT CORRESPONDING TO TEMPERATURE)

B
Figure 3. Loop Response for Various Gain Bandwidths
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switch in the thermistor leg of the bridge furnish a 0.01 °C
step generator. Figure 3A shows the effects of too much
gain-bandwidth. The step change forces a damped, ring-
ing response over 50 seconds in duration! The loop is
marginally stable. Increasing A1's gain-bandwidth
(GBW) will force oscillation. Figure 3B shows what hap-
pens when GBW is reduced. Settling is much quicker and
more controlled. The waveform is overdamped, indicating
that higher GBW is achievable without stability com-
promises. Figure 3C shows the response for the compen-
sation values given and is a nearly ideal critically damped
recovery. Settling occurs within 4 seconds. An oven op-
timized in this fashion will easily attenuate external
temperature shifts by a factor of thousands without over-
shoots or excessive lags.

Thermally Stabilized PIN Photodiode Signal Conditioner

PIN photodiodes are frequently employed in wide range
photometric measurements. The photodiode specified in
Figure 4 responds linearly to light intensity over a 100dB

1M
FULL-SCALE

750k· TRIM

33tl

7

-03 8

9
+15V

range. Digitizing the diode's linearly amplified output
would require an A-D converter with 17 bits of range.
This requirement can be eliminated by logarithmically
compressing the diode's output in the signal conditioning
circuitry. Logarithmic amplifiers utilize the logarithmic
relationship between VSE and collector current in tran-
sistors. This characteristic is very temperature-sensitive
and requires special components and layout considera-
tions to achieve good results. Figure 4's circuit logarith-
mically signal conditions the photodiode's output with no
special components or layout.

A1 and 04 convert the diode's photocurrent to a voltage
output with a logarithmic transfer function. A2 provides
offsetting and additional gain. A3 and its associated com-
ponents form a temperature control loop which maintains
04 at constant temperature (all transistors in this circuit
are part of a CA3096 monolithic array). The 0.033~Fvalue
at A3's compensation pins gives good loop damping if the
circuit is built using the array's transistors in the loca-
tions shown. These locations have been selected for op-
timal control at 04, the logging transistor. Because of the

LIGHT (900"M)
1mW

100"W
1O"W
1"W

100nW
10nW

RESPONSE DATA

DIODE CURRENT
350~
35~
3.5~
350nA
35nA
3.5nA

CIRCUIT OUTPUT
10.DV
7.85V
5.70V
3.55V
1.40V

-0.75V

f'J

-..- = HP-5082-4204 PIN PHOTOOIOOE.

01-05=CA3096.
CONNECT SUBSTRATE OF CA3096
ARRAY TO 04'5 EMITIER.

·1% RESISTOR
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array die's small size, response is quick and clean. A full-
scale step requires only 250ms to settle (photo, Figure 5)
to final value. To use this circuit, first set the thermal con-
trolloop. To do this, ground Q3's base and set the 2k pot
so A3's negative input voltage is 55mV above its positive
input. This places the servo's setpoint at about 50°C
(25°Cambient+(2.2mV/oC x 25°C rise =55mV =500C).
Unground Q3's base and the array will come to tempera-
ture. Next, place the photodiode in a completely dark en-
vironment and adjust the' 'dark trim" so A2's output is
OV. Finally, apply or electrically simulate (see chart,
Figure 4) 1mW of light and set the "full-scale" trim for
10V out. Once adjusted, this circuit responds logarith-
mically to light inputs from 1OnW to 1mW with an accu-
racy limited by the diode's 1% error.

50MHz Bandwidth Thermal RMS-- DC Converter

Conversion of AC waveforms to their equivalent DC power
value is usually accomplished by either rectifying and
averaging or using analog computing methods. Rectifica-
tion-averaging works only for sinusoidal inputs. Analog
computing methods are limited to use below 500kHz.
Above this frequency, accuracy degrades beyond the
point of usefulness in instrumentation applications. Addi-
tionally, crest factors greater than 10 cause significant
reading errors.

A way to achieve wide bandwidth and high crest factor
performance is to measure the true power value of the
waveform directly. The circuit of Figure 6 does this by
measuring the DC heating power of the input waveform.

Figure 5. Figure 4 's Thermal Loop Response
lOOk'

'0.1% RESISTOR.
Tl-T2=YELLOW SPRINGS INST. CO.

THERMISTOR COMPOSITE
#44018.

'"f --l ~=MYLAR.



By using thermal techniques to integrate the input wave-
form, 50MHz bandwidth is easily achieved with 2% ac-
curacy. Additionally, because the thermal integrator's
output is at low frequency, no wideband circuitry is re-
quired. The circuit uses standard components and re-
quires no special trimming techniques. It is based on
measuring the amount of power required to maintain two
similar but thermally decoupled masses at the same tem-
perature. The input is applied to T1, a dual thermistor
bead. The power dissipated in one leg (T1A) of this bead
forces the other section (T1 B) to shift down in value, un-
balancing the bridge formed by the other bead and the
90kU resistors. This imbalance is amplified by the
A1-A2-A3 combination. A3's output is applied to a sec-
ond thermistor bead, T2. T2A heats, causing T2B to
decay in value. As T2B's resistance drops, the bridge
balances. A3's output adjusts drive to T2A until T1 Band
T2B have equal values. Under these conditions, the
voltage at T2A is equal to the RMS value of the circuit's
input. In fact, slight mass imbalances between T1 and T2
contribute a gain error, which is corrected at A4. RCfilters
at A1 and A2 and the 0.01 J.tFcapacitor eliminate possible
high frequency error due to capacitive coupling between
T1A and T1 B. The diode in A3's output line prevents cir-
cuit latch-up.

Figure 7 details the recommended thermal arrangement
for the thermistors. The styrofoam block provides an iso-
thermal environment and coiling the thermistor leads
attenuates heat pipe effects to the outside ambient. The
two inch distance between the devices allows them to see
identical thermal conditions without interaction. To cali-
brate this circuit, apply 10VDCto the input and adjust the
full-scale trim for 10 volts out at A4. Accuracy remains
within 2% from DCto 50MHz for inputs of 300mV to 10V.
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Crest factors of 100: 1 contribute less than 0.1 % addi-
tional error and response time to rated accuracy is five
seconds.

Low Flow Rate Thermal Flowmeter

Measuring low flow rates in fluids presents difficulties.
., Paddle wheel" and hinged vane type transducers have
low and inaccurate outputs at low flow rates. If small
diameter tubing is required, as in medical or biochemical
work, such transduction techniques also become me-
chanically impractical. Figure 8 shows a thermally based
flowmeter which features high accuracy at rates as low as
1mL/minute and has a frequency output which is a linear
function of flow rate. This design measures the differen-
tial temperature between two sensors (Figure 9). One
sensor, T1, located before the heater resistor, assumes
the fluid's temperature before it is heated by the resistor.
The second sensor, T2, picks up the temperature rise in-
duced into the fluid by the resistor's heating. The
sensor's difference signal appears at A1's output. A2
amplifies this difference with a time constant set by the
1OMU adjustment. Figure 10 shows A2's output versus
flow rate. The function has an inverse relationship. A3
and A4 linearize this relationship, while simultaneously
providing a frequency output (Figure 10). A3 functions as
an integrator which is biased from the LT1004 and the
383k input resistor. Its output is compared to A2's output
at A4. Large inputs from A2 force the integrator to run for
a long time before A4 can go high, turning on 01 and
resetting A3. For small inputs from A2, A3 does not have
to integrate very long before resetting action occurs.
Thus, the configuration oscillates at a frequency which is
inversely proportional to A2's output voltage. Since this
voltage is inversely related to flow rate, the oscillation fre-
quency linearly corresponds to flow rate.

4---

1
1

J
'1,VI' STYROFOAM••••.•.• BLOCKS



1M·

3.2k·· 1M·

3.2k·· 1M·

lOOk
+15V 6.25k·· 6.25k··

1M·

10M1~ RESPONSE I1
"F 5k

':' RHEATER
TIME

FLOW
':' CALIBRATION

4.7k
+15V 1k·

':'

OUTPUT
OHz-300Hz=
0-300mLlMIN

2.7k 383k·
-15V

LT1004·l.2V

':'
·1 % FILM RESISTOR 100k

··SUPPLlEO WITH YSI THERMISTOR NETWORK
YSI THERMISTOR NETWORK = # 44201
RHEATER= OALE HL·25 Figure 8. Liquid Flowmeter

Application Note 5

ISTAINLESS TUBING

OUT

MIXING GRIO
PREVENTS

LAMINER FLOW

SIZE TUBING 0.0.
TO FIT RESISTOR 1.0.
USE THERMAL COMPOUND
FOR GOOD HEAT TRANSFER

Several thermal considerations are important in this cir-
cuit. The amount of power dissipated into the stream
should be constant to maintain calibration. Ideally, the
best way to do this is to measure the VI product at the
heater resistor and construct a control loop to maintain
constant wattage dissipation. However, if the resistor
specified is used. its drift with temperature is small
enough to assume constant dissipation with a fixed volt-
age drive. Additionally, the fluid's specific heat will affect
calibration. The curves shown are for distilled water. To
calibrate this circuit, set a flow rate of 1OmLl minute and
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Figure 10. Flowmeter Response Data

adjust the flow calibration trim for 10Hz output. The
response time adjustment is convenient for filtering flow
abberations due to mechanical limitations in the pump
driving the system.

Thermally Based Anemometer (Air Flowmeter)

Figure 11 shows another thermally based flowmeter, but
this design is used to measure air or gas flow. It works by
measuring the energy required to maintain a heated re-
sistance wire at constant temperature. The positive tem-
perature coefficient of a small lamp, in combination with
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Figure 11. Thermal Anemometer

its ready availability, makes it a good sensor. A type 328 Repeat these adjustments until both points are fixed.
lamp is modified for this circuit by removing its glass With this procedure completed, the air flowmeter is ac-
envelope. The lamp is placed in a bridge which is moni- curate within 3% over the entire 0-1000 foot/minute
tored by A1. A1's output is current amplified by 01 and range.
fed back to drive the bridge. The capacitors and 2200
resistor ensure stability. The 2k resistor furnishes start- Low Distortion, Thermally Stabilized Wein Bridge
up. When power is applied, the lamp is at a low resist- Oscillator
ance and 01 's emitter tries to come full on. As current
flows through the lamp, its temperature quickly rises,
forcing its resistance to increase. This action increases
A1 's negative input potential. 01 's emitter voltage
decreases and the circuit finds a stable operating point.
To keep the bridge balanced, A1 acts to force the lamp's
resistance, hence its temperature, constant. The 10k-2k
bridge values have been chosen so that the lamp operates
just below the incandescence point. This high tempera-
ture minimizes the effects of ambient temperature shifts
on circuit operation. Under these conditions, the only
physical parameter which can significantly influence the
lamp's temperature is a change in dissipation character-
istic. Air flow moving by the lamp provides this change.
Moving air by the lamp tends to cool it and A1 increases
01 's output to maintain the lamp's temperature. The volt-
age at 01 's emitter is non-linearly, but predictably,
related to air flow by the lamp. A2, A3 and the array tran-
sistors form a circuit which squares and amplifies 01 's
emitter voltage to give a linear, calibrated output versus
air flow rate. To use this circuit, place the lamp in the air
flow so that its filament is at a 90° angle to the flow. Next,
either shut off the air flow or shield the lamp from it and
adjust the zero flow potentiometer for a circuit output of
OV. Then, expose the lamp to air flow of 1000 feet/ min-
ute and trim the full flow potentiometer for 10V output.

The positive temperature coefficient of lamp filaments is
employed in a modern adaptation of a classic circuit in
Figure 12. In any oscillator it is necessary to control the
gain as well as the phase shift at the frequency of in-
terest. If gain is too low, oscillation will not occur. Con-
versely, too much gain will cause saturation limiting.
Figure 12 uses a variable Wien Bridge to provide fre-
quency tuning from 20Hz to 20kHz. Gain control comes
from the positive temperature coefficient of the lamp.
When power is applied, the lamp is at a low resistance
value, gain is high and oscillation amplitude builds. As
amplitude builds, the lamp current increases, heating oc-
curs and its resistance goes up. This causes a reduction
in amplifier gain and the circuit finds a stable operating
point. The lamp's gain-regulating behavior is flat within
0.25dB over the 20Hz-20kHz range of the circuit. The
smooth, limiting nature of the lamp's operation, in com-
bination with its simplicity, gives good results. Trace A,
Figure 13 shows circuit output at 10kHz. Harmonic dis-
tortion is shown in Trace B and is below 0.003%. The
trace shows that most of the distortion is due to second
harmonic content and some crossover disturbance is
noticeable. The low resistance values in the Wein net-
work and the 3.8nVv'RZ noise specification of the
LT1037 eliminate amplifier noise as an error term.
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At low frequencies, the thermal time constant of the small
normal mode lamp begins to introduce distortion levels
above 0.01%. This is due to "hunting" as the
oscillator's frequency approaches the lamp thermal time
constant. This effect can be eliminated, at the expense of
reduced output amplitude and longer amplitude settling
time, by switching to the low frequency, low distortion
mode. The four large lamps give a longer thermal time
constant and distortion is reduced. Figure 14 plots distor-
tion versus frequency for the circuit.
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Applications of New Precision Op Amps

Two new precision bipolar op amps, the LT1001 and a
dual version, the LT1002, expand applications possibili-
ties for designers of measurement and control circuits.
These devices will find use where high accuracy and / or
microvolt level capability are required. A summary of the
new op-amp specifications appears in Table A. The high
performance of these devices makes them useful as
building blocks in precision circuitry. Figure 1 furnishes
an excellent example.

Table A. LT1001A Specifications

OFFSETVOLTAGE
Initial
vs Temperature
vs Time

25/iV Max
1/iV/oC Max
1/iV/Month Max

BIAS CURRENT
Initial
Offset

OPEN LOOPGAIN
COMMON· MODE REJECTION(+ 13V)
POWERSUPPLY REJECTION
SLEW RATE
GAIN-BANDWIDTH PRODUCT
NOISE (Voltage)

0.1Hz-10Hz
10Hz
100Hz
1000Hz

NOISE (Current)
0.1Hz-10Hz
10Hz
100Hz
1000Hz

2nA Max
2nA Max
400,000 Min
114dB Min
110dB Min
0.15V//is Min
0.5MHz Min

0.5/iV/p-p
18nV.,JRZMax
13nV.,JRZMax
11nV.,JRZMax

30pAp-p Max
0.8pAp-p Max
0.23pAp-p Max
0.17pAp-p Max

Instrumentation Amplifier with VCM= JOOV and
CMRR>160dB

The circuit of Figure 1 may be used wherever differential
inputs are required. It is particularly applicable to
transducer signal conditioning where high common-
mode voltages may exist. The circuit has the low offset
and drift of the LT1002, but also incorporates a novel
switched-capacitor' 'front end' , to achieve some specifi-
cations not available in an instrumentation amplifier.

Common-mode rejection ratio at DC for the front end ex-
ceeds 160d B. The amplifier will operate over a ± 300V
common-mode range and gain accuracy and stability are
limited only by external resistors. The high common-
mode voltage capability of the design allows it to with-
stand transient and fault conditions often encountered in
industrial environments.

The circuit's inputs are fed to LED-driven optically-
coupled MOSFET switches, S1 and S2. Two similar
switches, S3 and S4, are in series with S1 and S2. A2, a
precision oscillator, and its associated CMOS logic func-
tions generate non-overlapping clock outputs which drive
the switch's LEOs. When the "acquire pulse" is low, S1
and S2 are on and the 1j.tF capacitor acquires the dif-
ferential voltage at the bridge's output. During this inter-
val, S3 and S4 are off. When the acquire pulse rises, S1
and S2 begin to go off. After a delay to allow S1 and S2 to
fully open, the "read pulse" goes low, turning on S3 and
S4. Now, the 1j.tFcapacitor appears as a ground-referred
voltage source which is read by the main amplifier, A3.
The 10k-0.2j.tF network allows A3's input to retain the
1j.tF unit's value when the circuit returns to the acquire
mode. A3 provides the circuit's output. Its gain is set in
normal fashion by feedback resistors. The 0.1j.tF feed-
back capacitor sets a rolloff of 5Hz. Several features aid
circuit operation. A2 is trimmed for a 93Hz clock output.
This frequency inhibits power line-originated noise from
interacting with the switching action because it is not har-
monically related to 60Hz. Such interaction may cause DC
errors.

The differential-to-single-ended transition performed by
the switches and capacitors means that A3 never sees
the input's common-mode signal. The 300V breakdown
specification of the optically-driven MOSFET switch
allows the circuit to withstand and operate at common-
mode levels of ± 300V (switch leakage typically rises
above 1nA over 100V, causing some circuit performance
degradation). In addition, the optical drive to the
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Figure 1. Instrumentation Amplifier with 300V Common-Mode Range

MOSFETs eliminates the charge injection problems com- resistance characteristic which complicates signal condi-
mon to FET switched capacitive networks. The 750j.tS tioning. Over a ooe to 100°C range this non-linearity
switching speed of the optical switch limits the circuit amounts to 0.4 °e, Figure 2 shows a thermometer circuit
carrier to low frequencies, but most transducer circuits which corrects for this error and achieves ± 0.025°e ab-
do not require any substantial bandwidth. solute accuracy over the Ooe-100oe range.

Linearized Platinum RTD Signal Conditioner

Platinum resistance temperature detectors (RTD) are
generally accepted as the best choice for high accuracy
and stability in temperature measurements_ Unfortu-
nately, they exhibit a non-linear temperature versus

A1 functions as a negative gain inverter to drive a con-
stant current through the platinum sensor. The LT1009
and the 10k resistor provide the current reference.
Because A1 operates at negative gain, the voltage across
the RTD is low and self-heating induced errors are re-
duced. A1's output potential, which varies with the
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platinum sensor's temperature, feeds A2. A2 provides
scaled gain and offsetting so that its output will swing
from O.OOV to 10.000V for a O.OO°C to 100.00°C
temperature swing at the RTD. The 1/LF capacitor limits
noise pick-up. Normally, this circuit would exhibit a
0.4 °C non-linearity error due to the RTD's imperfect
response. This term is corrected by returning a small por-
tion of the circuit's output to A 1's negative input. This
varies the reference current, causing compensatory
changes in the circuit's gain slope. To calibrate this cir-
cuit, substitute a precision decade box (e.g., General
Radio 1432-K) for the sensor. Set the box to the O°C value
(1000.00) and adjust the offset trim for a O.OOOVoutput.
Next, set the decade box for a 35°C output (1138.70)
and adjust the gain trim for a 3.500V output reading.
Finally, set the box to 1392.60 (100.00°C) and trim the
linearity adjustment. Repeat this sequence until all three
points are fixed, Total error over the entire range will be
within ± 0.025°C. The resistance values given are for a
nominal 1000,00 (O°C) sensor. Sensors deviating from
this nominal value can be used by factoring in the devia-
tion from 1000.00. This deviation, which is manufacturer
specified for each individual sensor, is an offset term due
to winding tolerances during fabrication of the RTD. The
gain slope of the platinum is primarily fixed by the purity
of the material and is a very small error term.

Thermally Controlled Ni Cad Charger

Charging Ni Cad batteries at high current rates is desir-
able because it allows short charge time. The difficulty
with such operations is that excessive internal heating
degrades the batteries and can cause gas venting to the
outside atmosphere. Schemes based on monitoring cell
voltage during charge suffer because cell voltage is not
necessarily indicative of the charge state of the battery.
Open loop techniques involving high charge rates for a
fixed time do not account for battery characteristic shifts
over life and ambient temperature.

One way to charge batteries rapidly without abuse is to
measure cell temperature and taper the charge accord-
ingly. Figure 3 uses a thermocouple for this function. A
second thermocouple nulls out the effects of ambient
temperature. The LT1001 amplifier furnishes the low
level capability necessary to work with the microvolt level
thermocouple signals. To understand the circuit's opera-
tion, assume a discharged battery pack in the Darlington
collector line. The battery and ambient thermocouples are
at the same temperature. The battery thermocouple is di-
rectly mounted to one of the cells in the pack. The am-
bient thermocouple is exposed to ambient temperature
and mounted to a thermal mass which approximates that
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of the battery pack. Under these conditions, the thermo-
couple voltages cancel and the positive input is at zero
volts. The negative current through the 620kO resistor to
the summing junction causes the amplifier to swing posi-
tive, turning on the Darlington pair. Current flows from the
+ 15V supply, through the battery pack and to ground via
the 0.60 shu nt. The voltage across the shu nt rises to 1V,
balancing the summing junction, and the amplifier servo
controls about 1.6A through the battery pack. As the bat-
tery charges, it heats. This heat is picked up by the
battery-mounted thermocouple. The temperature dif-
ference between the two thermocouples determines the
voltage which appears at the amplifier's positive input.
As battery temperature rises, this small negative voltage
(1°C difference between the thermocouples equals
40/-,V) becomes larger. The amplifier, operating at a gain
of 4300. gradually reduces the current through the bat-

tery to maintain its inputs at balance. The effect of this ac-
tion is shown in Figure 4. The battery charges at a high
rate until heating occurs and the circuit then tapers the
charge. The values given in the circuit limit the battery
surface temperature rise over ambient to about 5°C.

Precision Adjustable Dead Zone Circuit

Figure 5 details a precision adjustable dead zone circuit.
This is particularly useful in motor driven position servo
circuits. In such applications it is desirable to generate an
adjustable, symmetrical dead band so that the servo
motor's degree of stiffness and hunting characteristics
around null may be controlled. In addition, because
stages of this type are usually followed by very high gain
servo amplifiers, it is necessary that low voltage offsets
be maintained when inside the dead band zone.
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The circuit is made up of a synchronous rectifier (A 1,
C1), a variable unipolar dead zone cell composed of A2A
and 02-04, and a demodulator (A2B). When a circuit in-
put (Trace A, Figure 6), in this case a triangle wave, is ap-
plied, the C1 crossing detector determines its polarity.
C1 's output (Trace B, Figure 6) drives 01. When the input
is negative, C1 goes high and 01 conducts, grounding
A 1's positive input (Trace C, Figure 6). This turns A 1 into
a unity-gain inverter and its output (Trace D, Figure 6) in-
verts the input signal. For negative inputs, C1 's output is
low, cutting 01 off and A1 unity-gain follows the input.
This synchronous rectification presents the dead zone
cell with a unipolar signal. 02 forms a voltage adjustable
current control at A2A's summing junction. 03 provides
VSEtemperature compensation and 04 protects 02's VSE
against reverse bias. When the dead zone command in-
put is above A 1's output, 02 (02 emitter is Trace E,
Figure 6) is off and A2A's output (Trace F, Figure 6) goes

to zero. When A1's output rises above the dead zone in-
put, 02 conducts, A2A functions as a current-to-voltage
converter, and an inverted version of A1 's output appears
at A2A's output. This signal feeds synchronous demodu-
lator A2B, which recovers the bipolar input signal. 06 is
switched by 05's phase inverted version of C1 's output.
When the circuit signal input is positive, 06 is on,
grounding A2B's positive input (Trace G, Figure 6) and
A2B's output inverts. The opposite action occurs for
negative signal inputs. In this fashion, A2B's output
recovers the bipolar input signal while preserving the ad-
justable dead zone. Because the same device (02) is
used for positive and negative signals, dead zone sym-
metry is nearly ideal. 02's VSE drop limits the minimum
dead zone to 600mV. Thus, A1 's offsets will never be
seen when the circuit is in dead band and the effects of
delay time and offset in C1 are similarly eliminated. Only
A2A and A2B need to be low offset devices.

'1% FILM
-RATIO MATCH 0.05%

02,03.04. 05=CA3096 TRANSISTORARRAY

A=10V/DIV

B=50V/DIV
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Ultra-Precision Variable Voltage Reference

Figure 7 combines an LT1002 with a MOSFET switched
toroid to create a precision variable voltage reference with
a wide dynamic range of outputs. The reference has two
outputs. The low voltage range spans OV to 10V and is
settable in 100jlV (10ppm at full scale) increments. The
high voltage range runs from OV to 100V in 1mV steps
(also 10ppm at full scale). The low voltage range is de-
rived from A 1, the LM 199A voltage reference, and the
panel mounted Kelvin-Varley Divider (KVD). A1 is a
follower with gain, with the 2N2219 used for a boosted
output. The selected value, typically in the 43kO range,
and the 1000 potentiometer are used to trim the output to
10.0000V with the KVD dials set to full scale. The low off-
set of the LT1002 op amp eliminates the need for an offset
trim. The non-inverting configuration used permits the
100kO KVD to be unloaded by the amplifier. The low bias
current and high CM RR of the LT1002 are required to
read the KVD without introducing error. The 1000 re-
sistor is a short circuit limit and the low range output is
taken at the 2N2219 emitter.

The circuit achieves its high voltage output without re-
sorting to separate high voltage power supplies. Instead,
the DC input to a chopped step-up toroidal transformer is
servo-controlled by an op amp. The C1 multivibrator gen-
erates a 40kHz clock, which is divided into a complemen-
tary 20kHz square wave by the 74C74 flip-flop. These
waveforms bias the VMOS FETs. A2 compares the di-
vided down output of the transformer's rectifier-filter
against the low voltage output. The amplified difference
voltage biases the power Darlington, which drives the
transformer's primary center tap, completing a feedback
loop around the transformer. The 0.1jlF unit is used for
loop stability. A2 servos whatever voltage is required to
balance its inputs. The loop is calibrated so a precise
OV-1 OO.OOVoutput corresponds to the setting of the KVD
dials. The VMOS choppers are the key to maintaining the
wide dynamic range of settings on the high voltage scale.
Their resistive saturation characteristic allows the control
range to extend to within an LSB (1 mV) of OV.The 2N2907
serves as a simple coarse voltage clamp on the high volt-
age range. The potentiometer allows a voltage ceiling to

OUTPUT
100"V TO 10V
25mA

OUTPUT
lmV TO l00V
25mA



be set for safety or other reasons when using the refer-
ence. To calibrate this circuit, select the 43kn value and
adjust the 1oon trim for a precise 10. OOOOVoutput at the
low voltage output. Next, select the 1Okn value and trim
the 100n unit in the high voltage divider string. The
typical stability of this circuit under laboratory conditions
(25°C ± 5°C) may be estimated from the following data:

10V Range

Zener drift-
temperature 5°C x 0.2ppm/oC
Zener drift-time (per year)
A 1 op amp Eos drift
0.5p.V/oC x 5°C x A= 1.4 = 2.5p.V

A1 op amp Eos drift-
1 year = 1Op.V/year = 1ppm
KVD-2ppm/oC ratio shift x 5°C = 10ppm

37. 25ppm over ± 5° C and
1 year at full scale

=1ppm
=25ppm

Application Note 6

100V Range

All above errors
A2 time and temperature

=37.25ppm
=0.5ppm

37. 75ppm at full scale

Precision High Speed Op Amp

The design requirements to achieve high DC accuracy in
an amplifier such as the LT1001/1002 preclude high
speed performance. Additionally, it is difficult to design a
precision monolithic amplifier which will drive large cur-
rents because of internal die heating problems. Some ap-
plications do call for speed, accuracy and output drive
capability. Figure 8 shows a circuit which can be used to
meet these conflicting requirements. In this arrange-
ment, the LT1001 is used to stabilize a broadband stage
to build an op amp with the DC precision of the LT1001
and high speed capability. This composite amplifier

'ADJUST FOR
BEST SQUARE WAVE
AT OUTPUT
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features a 1500V / p.S slew rate, full output to 8MHz and
will drive ± 10V into a 100 load. It is short circuit pro-
tected at ± 1A. The offset and drift specifications are
controlled by the LT1001. High speed signals are fed-
forward around the LT1001 through 010 and directly
drive the wide band stage. The LT1001 operates at low
frequency to DC stabilize the fast stage. The high fre-
quency rolloff of the LT1001 is matched to the low fre-
quency rolloff of the discrete stage.

The high speed stage is composed of transistors with Ft's
approaching 1GHz. The output devices are NPN RF
power transistors in a quasi-complementary arrange-
ment. This is necessary because PNP RF power tran-
sistors are not available. 08 and 09 limit short circuit

current by sensing across 0.50 shunts. They apply
degenerative feedback around the output stage when
turned on, thereby limiting current. The 2000 poten-
tiometers and the variable feedback capacitor should be
adjusted for a compromise between slew rate and output
waveform clarity. Typically, the highest slew rate will
sacrifice clean transitions. Figure 9 shows the response
of the amplifier (Trace B) to a fast input pulse (Trace A),
with the adjustments optimized for clean transitions.
Slew rate is still 1OOOV/ p.S and the output appears clean
within the 275M Hz bandpass of the monitoring oscillo-
scope. In setting up and using this circuit, RF layout
techniques and a ground plane are mandatory and the
2N4440s must be heat sunk.

..L7Un~
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Some Techniques for Direct Digitization of Transducer Outputs

Almost all transducers produce low level signals. Nor-
mally, high accuracy signal conditioning amplifiers are
used to boost these outputs to levels which can easily
drive cables, additional circuitry, or data converters. This
practice raises the signal processing range well above the
error floor, permitting high resolution over a wide
dynamic range.

Some emerging trends in transducer-based systems are
causing the use of signal conditioning amplifiers to be re-
evaluated. While these amplifiers will always be useful,
their utilization may not be as universal as it once was. In
particular, many industrial transducer-fed systems are
employing digital transmission of signals to eliminate
noise-induced inaccuracies in long cable runs. Addi-
tionally, the increasing digital content of systems, along
with pressures on board space and cost, make it desir-
able to digitize transducer outputs as far forward in the
signal chain as possible. These trends point toward direct
digitization of transducer outputs-a difficult task.

Classical A- D conversion techniques emphasize high
level input ranges. This allows LSB step size to be as
large as possible, minimizing offset and noise caused er-
rors. For this reason, A- D LSB size is almost always
above a millivolt, with 1OOp.V-200p.Vper LSB available in
a few 1OVfull-scale devices. The requirements to directly
A- D convert the output of a typical strain gauge
transducer are illuminating. The transducer's full-scale

output is 30mV, meaning a 10-bit A- D converter must
have an LSB increment of only 30p.V. Performing a 10-bit
conversion on a type K thermocouple monitoring a
O°C-60°C environment proves even more stringent. The
type K thermocouple puts out 41.4p.V/oC over the
O°C-60°C range. The LSB increment is found by:

60°C x1b1·:gV1°C = 2.42p.VILSB

These examples furnish extraordinarily small step sizes,
far below commercially available A- D units and seem-
ingly impossible to digitize without DC preamplification.
In fact, both transducers' outputs may be directly digi-
tized to stable 1O-bit resolution using circuitry specifically
designed for the function.

This application note details circuit techniques which
directly digitize the low level outputs of a variety of
transducers. The approaches described are unique in
that they do not utilize any DC gain stage. The transducer
outputs receive no DC signal conditioning: A- D conver-
sion is directly performed at low level. The circuits pro-
duce a serial data output which may be transmitted over a
single wire with the characteristic noise immunity of
digital systems. By eliminating the traditional DC gain
stage, these circuits furnish a direct, economical way to
digitize low level transducer outputs without sacrificing
performance.



Application Note 7

Figure 1 shows a simple way to convert the current out-
put of an LM334 temperature sensor to a corresponding
output frequency. The sensor pulls a temperature-
dependent current (0.33% 1°C) from A 1's positive input
node. This point, biased from the LM329-driven resistor
string, responds with a varying, temperature-dependent
voltage. The voltage varies the operating point of A1, con-
figured as a self-resetting integrator. A 1 integrates the
LM329 referenced current into its summing point, pro-
ducing a negative-going ramp at its output. When the
ramp amplitude becomes large enough, the transistors
turn on, resetting the feedback capacitor and forcing
A1 's output to zero. When the capacitor's reset current
goes to zero, the transistors go off and A1 begins to in-
tegrate negatively again. The frequency of this oscillation
action is dependent on A 1's DC operating point, which
varies with the LM334's temperature. The circuit's DC
biasing values are arranged so that a O°C to 100°C sen-
sor temperature excursion produces OkHz-to-1 kHz at the
output. Additionally, only 2V appear across the LM334,
minimizing sensor power dissipation related errors. The
differentiator-transistor network at A 1's output provides
a TIL compatible output. To calibrate this circuit, place
the LM334 in a O°C environment and trim the' 'O°C ad-
just" for OHz. Next, put the LM334 in a 100°C environ-
ment and set the "100°C adjust" for 1kHz output.

6.2k·

LM329

·1 % FI LM RESISTOR
NPN = 2N2222
PNP=2N2907

Repeat this procedure until both points are fixed. This cir-
cuit has a stable 0.1°C resolution with ± 1.0°C
accuracy.

Figure 2 shows another temperature-to-frequency con-
verter, but this circuit uses the popular type K ther-
mocouple as a sensor. The design includes cold junction
compensation for the thermocouple over a 0°C-60°C
range. Accuracy is ± 1°C and resolution is 0.1 °C.

The thermocouple's extremely low output (41.4jLV/°C)
and the requirement for cold junction compensation make
it one of the most difficult transducers to directly digitize.
The approach used is based on the 50nV 1°C input offset
drift performance of the LTC1052 chopper-stabilized
amplifier.

In this circuit, A 1's positive input is biased by the ther-
mocouple. A 1's output drives a crude V - F converter,
comprised of the 74C04 inverters and associated com-
ponents. Each V- F output pulse causes a fixed quantity
of charge to be dispensed into the 1jLF capacitor from the
100pF capacitor via the LTC1043 switch. The larger
capacitor integrates the packets of charge, producing a
DC voltage at A 1's negative input. A1 's output forces the
V- F converter to run at whatever frequency is required
to balance the amplifier's inputs. This feedback action

TIL OUT
OkHz-1kHz
O'C-l00'C

4.7k
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OUTPUT
OHz-600Hz
DOC-60°C

·0.01% FILM-TRW MAR-6
··TRW/MTR/51 + 120

RT=YELLOW SPRINGS INST. #44007
100pF = POLYSTYRENE

tFOR GENERAL PURPOSE 11mV
FULL-SCALE)10-BIT A TO D. REMOVE
THERMOCOUPLE-COLD JUNCTION
NETWORK. GROUND POINT A. AND
ORIVE LTC1052 POSiTIVE INPUT.

eliminates drift and nonlinearities in the V- F converter
as an error term and the output frequency is solely a func-
tion of the DC conditions at A1's inputs. The 3300pF
capacitor forms a dominant response pole at A1, stabiliz-
ing the loop.

A1's low drift eliminates offset errors in the circuit,
despite an LSB value of only 4.14/N(0.1 °C)I

RT, a thermistor, and the 1. 8k, 1870, 4870 and 301 k
values form a cold junction compensation network which
is biased from the LT1004 1.2V reference. In addition to
cold junction compensation, the network provides offset-
ting, permitting a O°C sensor temperature to yield OHz at
the output.

Figure 3 details circuit operation. A1's output drives the
33k-0.68/lF combination, producing a ramp (Trace A,
Figure 3) across the capacitor. When the ramp crosses
inverter A's threshold, the cascaded inverter chain
switches, producing a low output at E (Trace B). This
causes the O.68/lF capacitor to discharge through the
diode, resetting the capacitor to OV.The 820pF unit pro-
vides positive AC feedback to inverter B's input (Trace C),
assuring a clean reset. The frequency of this ramp-and-
reset sequence varies with A1's output. Inverter F' s
output controls the LTC1043 switch. When the inverter
output is high, pins 2 and 6 are connected, allowing the
1OOpFcapacitor to charge to a potential derived from the
LT10041.2V reference. When the inverter goes low, pin 2
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A= 100mV/DIV

B~ lOV/DIV

C~ lOV/DIV

is connected to pin 5. During this interval, the 100pF
capacitor completely discharges (Trace D) into the 1j.tF
unit. The amou nt of charge delivered is constant over
each cycle (0 = CV), so the voltage the 1j.tF capacitor
charges to is a function of frequency and discharge path
resistance. This voltage is summed with the LT1004-
derived offsetting potential at A1's negative input, clos-
ing a loop around A1. The -120ppm/oC drift of the
100pF charge-dispensing polystyrene capacitor is com-
pensated by the opposing tempco of the specified resis-
tors used in the 1j.tF's discharge path. Typical circuit gain
is 20ppm/oC, allowing less than 1 LSB (0.1 °C) output
drift over a 0°C-70°C ambient operating range.

The thermocouple's known characteristics, combined
with A1 's low offset and the cold junction / offsetting net-
work components specified, eliminate zero trimming.
Calibration is accomplished by placing the thermocouple
in a 60°C environment and adjusting the 50kn potenti-
ometer for a 600Hz output. Beyond 60°C the cold junc-
tion network departs from the thermocouple's response
and output error increases rapidly. Although the digital
output will be a function of the thermocouple's tempera-
ture over hundreds of degrees, linearization by a monitor-
ing processor is required.

It is worth noting that this circuit can directly convert any
low level, single-ended signal. If the offsetting / cold
junction network is removed and the 50kn potentiometer
returned directly to ground, inputs may be applied to
A1's positive terminal. The circuit produces a 1O-bit ac-
curate output with a full-scale range of only 1mV (1j.tV per
LSB)! The high impedance of A1 's input allows filtering
or overload clamping of the input signal without introduc-
ing error.

Figure 4 is another temperature measuring circuit, but
the transducer used is unusual. The circuit measures
temperature by utilizing the relationship between the
speed of sound and temperature in a medium. In dry air
the relationship is governed by:

C=331, 5J2j3 meters/second

where C = speed of sou nd.

Acoustic thermometry is used where extremes in operat-
ing temperature are encountered, such as cryogenics
and nuclear reactors. Additionally, acoustic temperature
standards have been built by operating the acoustic
transducer inside a sealed, known medium.

The inherent time domain operation of acoustic thermom-
eters allows a direct conversion into a digital output.
Figure 4 shows a circuit that does this. A1, the inductor,
and their associated components for a simple flyback
type regulated 200V supply which biases the transducer.
The transducer is composed of the Polaroid ultrasonic
element noted, mounted at one end of a sealed, 6 inch
long Invar tu be. The Invar material minimizes mechanical
tube deformation with temperature. The medium inside
the tube is dry air. The transducer may be thought of as a
capacitor, composed of an insulating disc with a conduc-
tive coating on each side.

Each time the TIL clock (Trace A, Figure 5) goes high,
the transducer receives AC drive via the 0.22j.tF
capacitor. This drive causes mechanical movement of the
disc and ultrasonic energy is emitted. The clock input
simultaneously sets the 74C74 flip-flop output (Trace E)
low and pulls the 0.01j.tF capacitor to ground. This cuts
off drive to C1 's 3kn output pull-up resistor (Trace C),
forcing C1's output (Trace D) to zero. During the clock
pulse's period, A2's output (Trace B) is saturated due to
excessive signal at its input. When the clock pulse
ceases, A2 comes out of bound and amplifies in its linear
region. The ultrasonic transducer now acts like a capaci-
tance microphone, with the 200V supply providing bias.
Residual disc ringing is picked up and appears at A2's
output. This signal cannot trigger C1, however, because
the 0.01j.tF capacitor has not charged high enough to
allow the inverter chain output to bias C1 's output pull-up
resistor.
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The ultrasonic energy emitted by the transducer travels
down the tube, bounces off the far end and heads toward
the transducer. Before it returns, the O.01jlF capacitor
crosses the inverter's threshold and C1's 3k resistor
(Trace C) receives bias. Upon returning, the sonic energy
causes a mechanical displacement of the transducer,
forcing a shift in capacitance. This capacitance shift
causes charge to be displaced into C2's summing point,

and the output responds with an amplified version of this
signal (Trace B). C1 's output (Trace 0) triggers, resetting
the flip-flop. The flip-flop's output pulse (Trace E)
represents the transit time down the tube and will vary
with temperature according to the equation given. A
monitoring processor can convert this pulse width into
the desired temperature information.

INPUT...fi-JL
TIL CLOCK INPUT

100Hz. 10""

L=AIE VERNITRON-24-104 1MHy.
TRANSOUCER = POLAROI0-604029.
ENCLOSURE~ INVAR 6- TUBE SEALEO, ORY AIR.

'1% FILM RESISTOR.
"VICTOREEN # MOX-300.

C=20V/01V

0=20V/01V

E=20V/01V
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In the photograph another received signal, lower in
amplitude, is visible at the extreme right hand side of
Trace B. Its position in time identifies it as a second
bounce return from the tube's far end. Also, note the in-
creased detected noise level after the return of the first
bounce. This is due to sonic energy dispersion inside the
tube. The transducer picks up energy deflected from the
tube walls, which is phase shifted from the desired
signal. C1 is seen to respond to these unwanted signal
sources, but the circuit's final pulse output is unaffected.
Additionally, the time window gating supplied to C1's
pull-up resistor greatly reduces the likelihood of false
triggering due to noise coming from outside the tube.

;- - -C:N:(-~--- -- -- - -- i
I DIRECTLY ACROSS 100k CONNECT TO BRIDGE END DF I

BRIDGE DRIVE 10k 470k RESISTOR

I POINTS i~~~~~~~R IL ~~~~

Temperature sensors are not the only transducers which
can be directly digitized. Strain gauge transducers ac-
count for a large class of pressure and force measure-
ments. Typically, a strain gauge bridge-based transducer
produces 3mV of full-scale output per volt of bridge drive.
Figure 6 shows a way to directly digitize a strain gauge
bridge's output to 10-bit accuracy. For a 7.5V bridge
drive, an LSB increment is 25p.V, considerably larger than
the thermocouple example but still far below conventional
A- 0 converters. The bridge's differential output com-
plicates the required converter input structure, but is
accommodated.

DATA DUTPUT = g~t~~1000 COUNTS FULL·SCALE

·0.1% METAL FILM TRW MAR·5

SWl ~ MAIN CURRENT SWITCH
SW2=CURRENT LOADING CDMPENSATION SWITCH



A1 and the transistor provide bridge excitation. One
signal output of the bridge is connected to A1's negative
input. A1's positive input is at ground. A1 drives the tran-
sistor to bias the bridge at whatever voltage is required to
bring its negative input to ground potential. The diode
drops in the bridge's - 5V return line allow the transistor
to force the bridge's positive end far enough to servo A1's
inputs. This arrangement allows the bridge's other out-
put to be sensed in a single-ended, ground-referred
fashion. In practice, a slight error exists due to A1 's off-
set voltage. This error is eliminated by referring the A- D
converter input to A1's negative input instead of ground.

The A- D converter is made up of A2, a flip-flop and
some gates. It is based on a current balancing technique.
Once again, the chopper-stabilized LTC7652's 50nV 1°C
input drift is required to implement the low level input
A- D . Figure 7 details key A- D waveforms. Assume
the flip-flop's Q output (Trace B) is low, connecting
LTC1043 pins 11 and 12 to pi ns 7 and 13, respectively.
The main current switch passes no current, as the
3.3MO resistor is placed across A2's inputs. The current
loading compensation switch puts a 3.3MO value across
the 1k divider resistor, loweri ng the voltage across it by
0.03%.

Under these conditions the only current into A2's summing
point is from the bridge via the 470kO resistor. This positive
currentforces A2's output (TraceA, Figure 7) to integrate in
a negative direction. The negative ramp continues and finally
passes the 74C74 flip-flop's switching threshold. At the
next clock pulse (clock is Trace C), the flip-flop changes

A= 100mV/DIV

B=10V/DIV
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state (Trace B), causing the LTC1043 switch positions to
reverse. Pin 12 connects to pin 14 and pin 11 to pin 8. In
this case, the 3.3MO resistor controlled by the current
loading compensation switch is disconnected from the 1k
unit, but the 3.3MO value controlled by the main current
switch replaces it. The 0.03% loading of the 3.3MO
resistor, combined with this switching scheme, eliminate
any sag or loading effects across the 1kO resistor during
switching. The result is a quickly rising, precise current
flow out of A2's summing point.

This current, scaled to be greater than the brldge's max-
imum output, forces A2's output movement to reverse and
integrate in the positive direction. At the first clock pulse
after A2's output has crossed the flip-flop's triggering
threshold, switching occurs and the entire cycle repeats.
Because the reference current is fixed, the flip-flop's duty
cycle is solely a function of the bridge signal current into
A2's summing point. Additionally, the reference current is
supplied from the 22.3k-1 k divider, which is derived from
the bridge drive. Thus, the A- D's reference current varies
ratiometrically with the bridge output, eliminating bridge
drive variations as an error source. The flip-flop's output
gates the clock, producing the "frequency output A"
waveform (Trace D). The 1Ok resistor combi nes with the
output gate's input capacitance to slightly delay the clock
signal, eliminating spurious output pulses due to flip-flop
delay. The circuit's data output, the ratio of output A to the
clock frequency, may be extracted with counters. Because
the output is expressed as a ratio, clock frequency stability
is unimportant.
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this circuit. The 470krl input resistor at A2 has been
selected to produce less than 1 LSB loading error on the
strain gauge bridge. The bridge receives only about 7.5V
of drive due to the deliberate resistor and diode drops in
its supply lines. At 3mV output per volt of bridge drive,
full-scale signal is 22.5mV. This produces a signal cur-
rent of only:

1_ 0.0225V - 48nA
- 470k - .

To maintain 10-bit accuracy, leakage and amplifier bias
current into A2's summing point must be less than 0.1 %
of this figure or:

48nA
1= 1000 =48pA.

Although A2's bias current is much lower than this,
board leakage can cause trouble. At a minimum, careful
layout and a clean PC board are required. The best prac-
tice is to use a teflon stand-off for all summing point con-
nections. The 470krl and 3.3Mrl resistors associated
with A2's negative input should be placed as close as
possible to the IC pin. Note also that the 3.3Mrl current
summing resistor is switched to A2's positive input when
it is not sourcing current to the summing point. This
seemingly unnecessary connection prevents minute
stray 60Hz and noise currents from being coupled to A2's
summing point when the current reference is off. Failure
to utilize this connection will cause jitter in the LSB. Gain
trimming of this circuit may be accomplished by varying
the 22.3k value. If the particular strain gauge transducer
used requires zero trimming, use the optional network
shown. Over a 0°C-70°C range the circuit will typically
maintain its 10-bit output within 1 LSB accuracy. The
tracking errors of the starred resistors are the primary
contributors to this small error.

Because of their extremely wide dynamic range, photo
diodes present a difficult challenge for signal conditioning
circuitry. A high quality device furnishes a linear current
output over a 100dBrange, requiring a 17-bitA-Dcon-
verter as well as a current-to-voltage input amplifier. A

WfifllUfI approacn employs a logarithmically responding
current-to-voltage input amplifier to nonlinearly com-
press the photodiode's output, allowing a much lower
resolution A- D converter to be used. Although this
scheme saves the cost of the 17-bit A- D, it has the
inconvenience of a nonlinear output. Also, logarithmic
amplifiers respond relatively slowly, which may be detri-
mental in some photometric measurements. Figure 8's
circuit directly converts a photodiode's current output
into an output frequency with 100dB of dynamic range.
Optical input power of 20nW-2mW produces a linear,
calibrated 20Hz-to-2MHz output. Output response to
input light steps is fast and cost is low.

The photodiode's output current feeds a highly modified,
high frequency version of a Pease type charge pump
1- F converter. Diode output cu rrent biases A1's
negative input, causing its output (Trace A, Figure 9) to
ramp in a negative direction. When A1's output crosses
zero, C1 's output (Trace B) goes low, causing the
LT1009 diode bridge to bound at -3.7V. The
200pF-1.8k lead network at C1's positive input aids
comparator high frequency response. C1's output going
low also provides AC positive feedback to its positive in-
put (Trace D). Additional AC positive feedback is supplied
by output transistor Q3's collector (Trace C). During this
interval, charge is pulled from A1's summing point via
the 47pF-5pF capacitors (Trace E). This causes A1's out-
put to move quickly positive, switching C1 after the
positive feedback around it has decayed. The LT1009
diode bridge now bounds at +3.7V. The 47pF-5pF pair
receives charge, A2's summing junction recovers and
the entire cycle repeats at a frequency linearly related to
photodiode output current. D1 and D2 compensate the
bridge diodes. Diode connected Q1 compensates steering
diode Q2. The diode connected transistors provide lower
leakage than simple diodes. C2 provides circuit latch-up
protection, necessary because of the circuit's AC coupled
feedback loop. If latch-up occurs, A1's output saturates
low, causing C2's emitter-follower connected output to
go high. This forces A1 's output positive, initiating nor-
mal circuit action.
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The LT1021-1 0 reference biases the photodiode, pro-
viding optimum optical current response characteristics.
To trim this circuit, place the photodiode in a completely
dark environment. Trim the "dark current" adjustment
so the circuit oscillates at the lowest possible frequency,
typically 1Hz-2Hz. Next, apply or electrically simulate
(see manufacturer's data sheet for light input versus out-
put current data) a 2mW optical input. Trim the 5pF
adjustment for an output frequency of 2MHz. If the ad-
justment is outside the range of the trimmer, alter the
47pF capacitor's value appropriately. Once calibrated,
this circuit will maintain 1% accuracy over the photo-
diode's entire 100dB range. The accuracy obtained is
limited by photodiode characteristics and not the circuit.
Figure 10 shows dynamic response of the circuit to a fast
light pulse (Trace A, Figure 10). The frequency output
settles within 1j.ts on both edges.

One of the most difficult physical parameters to transduce
is relative humidity. A recently introduced humidity trans-
ducer, based on a capacitance shift versus relative humid-
ity (RH), offers good accuracy, fast response, wide range
and linear response. The transducer features a nominal
+ 1.7pF per percent RH capacitance shift with a 500pF
value at RH= 76%. It does not require temperature com-
pensation. A significant consideration in signal condition-
ing this transducer is that the average voltage across the
device must be zero. No net DC may pass through the
transducer. Figure 11's circuit converts the RH trans-
ducer's capacitive shifts directly into a calibrated
frequency output. The LTC1043 switched-capacitor in-
strumentation building block IC free runs at 150kHz. Pin 2
(Figure 12, Trace A) is alternately connected between the
LT1004 negative reference and A1's summing junction.
The 1j.tF-22MQ combination associated with the RH
transducer ensures the device's required pure AC biasing.

When pin 2 is connected to pin 6, the transducer receives a
negative charge. When the LTC1043's internal clock
switches, pin 2 is tied to pin 5, depositing all of the trans-
ducer's charge into A1's summing point. A1's input
(Trace B), just faintly visible, shows transducer current,
while Trace C is A1's output. A1, an integrator, ramps up
in stepped fashion as successive discrete packets of
charge are deposited into its summing point. Concurrent
with this action, a second set of LTC1043 switches (pins
7, 8, 11, 12, 13, and 14) works to synchronously transfer
a fixed amount of charge of opposing polarity into A1's
summing junction. The amount of fixed charge is set to
cancel the sensor offset (e.g., 0% RH does not extrapolate
to OpFsensor capacitance). Thus, the slope of the stepped
ramp at A1's output is a function of the sensor's value
minus its offset term. A1 continues to ramp positive until it
equals the voltage at C1's negative input. This triggers
C1's output high (Trace D). AC positive feedback holds
C1's output high long enough for the 2N4393 FET to com-
pletely discharge A1's feedback capacitor. A1's output
drops to zero and the entire cycle repeats. The frequency
of repetition is a function of the RH transducer's capaci-
tance. C1's input voltage is derived from the LTlO04
reference. LTC1044 pins 3, 18, and 15 and the 330pF
value form a simple charge pump which biases A2's sum-
ming point. A2's output assumes whatever value is re-
quired to maintain its summing point at zero. The 0.22j.tF
capacitor integrates A2's response to DC, while the feed-
back resistors establish the operating point. Because A2's
output voltage determines ramp height, its feedback
resistor's value sets the circuit's gain slope. Traces E, F,
and G and time and amplitude expansions of Traces A, B,
and C permit a detailed look at the effects of the
transducer's charge dumping on A1's output ramp.
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Circuit temperature dependence IS lOW Decause me
330pF and 0.01j.(F polystyrene capacitors' (both gain
terms) -120ppm drifts ratiometrically cancel. Further
ratiometric error cancellation occu rs because the trans-
ducer's charge source and A2's output voltage are both
derived from the LT1004 reference. The sole uncompen-
sated term in the circuit is the 470pF capacitor which
supplies the offsetting charge. Its -120ppm/oC drift is
well below the transducer's 2% accuracy specification,
arid circuit temperature independence is assured.

To calibrate this circuit, place the transducer in a 5% RH
environment and adjust the 5% trim for 50Hz output.
Next, place the transducer in a 90% RH environment and
adjust the 90% trim for a 900Hz output. Repeat this pro-
cedure until both points are fixed. Relative humidity ac-
curacy will be 2% over the 5%-90% RH range. If RH
standards are not available, the circuit may be approx-
imately calibrated against using fixed capacitors in place
of the sensor. Ideal values are 5% RH= 379.3pF and
90% = 523.8pF. Note that these values assume an ideal
sensor. An actual device may depart from them by as
much as 10%.
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Level transducers which measure angle from ideal level
are employed in road construction, machine tools, inertial
navigation systems and other applications requiring a
gravity reference. One of the most elegantly simple level
transducers is a small tube nearly filled with a partially
conductive liquid. Figure 13 shows such a device. If the
tube is level with respect to gravity, the bubble resides in
the tube's center and the electrode resistances to com-
mon are identical. As the tube shifts away from level, the
resistances increase and decrease proportionally. By
controlling the tube's shape at manufacture it is possible
to obtain a linear output signal when the transducer is in-
corporated into a bridge circuit.

Transducers of this type must be excited with an AC
waveform to avoid damage to the partially conductive liq-
uid inside the tube. Signal conditioning involves generat
ing this excitation as well as extracting angle information
and polarity determination (e.g., which side of level the
tube is on). Figure 14 shows a circuit which does this,
directly producing a calibrated frequency output corre-
sponding to level. A sign bit, also supplied at the output,
gives polarity information.
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The level transducer is configured with a pair of 2kO
resistors to form a bridge. The required AC bridge excita-
tion is developed at C1A, which is configured as a multi-
vibrator. C1 biases 01, which switches the LT1009's
2.5V potential through the 100JLFcapacitor to provide the
AC bridge drive. The bridge differential output AC signal
is converted to a current by A1, operating as a Howland
current pump. This current, whose polarity reverses as
bridge drive polarity switches, is rectified by the diode
bridge. Thus, the 0.03JLF capacitor receives unipolar
charge. A2, running at a differential gain of 2, senses the
voltage across the capacitor and presents its single-
ended output to C1B. When the voltage across the
0.03JLF capacitor becomes high enough, C1B's output
goes high, turning on the paralleled sections of the
LTC1043 switch. This discharges the capacitor. The
47pF capacitor provides enough AC feedback around
C1B to allow a complete zero reset for the capacitor.
When the AC feedback ceases, C1B's output goes low
and the LTC1043 "witch goes off. The 0.03JLF unit again
receives constant current charging and the entire cycle
repeats. The frequency of this oscillation is determined by
the magnitude of the constant current delivered to the
bridge-capacitor configuration. This current's magnitude
is determined by the transducer bridge's offset, which is
level related.

Figure 15 shows circuit waveforms. Trace A is the AC
bridge drive, while Trace B is A1 's output. Observe that
when the bridge drive changes polarity, A1's output flips
sign rapidly to maintain a constant current into the
bridge-capacitor configuration. A2's output (Trace C) is a

A=5V/DIV

B~2V/DIV

unipolar, ground-referred ramp. Trace D is C1B's output
pulse and the circuit's output. The diodes at C18's
positive input provide temperature compensation for the
sensor's positive tempco, allowing C1B's trip voltage to
ratiometrically track bridge output over temperature.

A3, operating open loop, determines polarity by compar-
ing the rectified and filtered bridge output signals with
respect to ground.

To calibrate this circuit, place the level transducer at a
known 40 arc-minute angle and adjust the 5kO trimmer
at C1B for a 400Hz output. Circuit accuracy is limited by
the transducer to about 2.5%.

The final example concerns direct digitization of a piezo-
electric accelerometer. These transd ucers rely on the
property of ceramic materials to produce charge when
mechanically excited. In this device a mass is coupled to
the ceramic element. An acceleration acting on the mass
causes charge to be dispensed from the ceramic element.
Sensitivity and frequency response are related to the
characteristics of the ceramic used and the mechanical
design of the transducer. The best way to signal condition
a piezoelectric output is to unload it directly into the virtual
ground of an op amp's summing point. This method pro-
vides no voltage difference between the center conductor
and the shield of the coaxial cable connecting the acceler-
ometer and the signal conditioning amplifier. This elimi-
nates cable capacitance as a parasitic term, an important
consideration in any charge output transducer. Because
the accelerometer produces AC outputs, a direct digitiza-
tion of its output must produce a sign bit as well as
amplitude data.
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Figure 16's circuit accomplishes a complete, direct A- 0
conversion on the piezoelectric accelerometer noted and is
generally applicable to other devices in this class. To
understand the circuit it is convenient to replace the ac-
celerometer with a square wave source coming through a
resistor. When the square wave is positive, the A1 in-
tegrator responds with a negative-going ramp output
(Trace A, Figure 17). C1, detecting the square wave polar-
ity, goes high and the LT1009 diode bridge (Trace B) limits
at + 3. 7V. A1's ramp output is summed with the bridge's
output at C2's negative input. The series diodes tempera-
ture-compensate the bridge diodes. When A1's output
goes far enough negative, C2's (Trace C) output goes
high. The output gating is arranged so that with C1 's out-
put low and C2 high, 01 's gate (Trace 0) receives turn-on
bias. 01 comes on, discharging A 1's feedback capacitor
and resetting A 1's output to zero. Local AC positive feed-

back at C2 ensures adequate time for a complete zero reset
of A1's feedback capacitor. The 100pF capacitor at C2's
input aids high frequency response. When the AC feed-
back decays away, 01 goes off, A1 begins to ramp nega-
tive again and the cycle repeats as long as the input square
wave is positive. The frequency of oscillation is directly
proportional to the current into A1's summing point. When
the input square wave goes negative, A1 abruptly begins
to ramp in the positive direction. Simultaneously, the C1 in-
put polarity detector output goes negative, forcing the
LT1009 bridge output negative. C2's output now switches
when A2's output exceeds a positive limit. The output
gating, directed by C1 's polarity signal, inverts C2's out-
put to supply proper drive to 01 's gate. 01 turns on and
resetting occurs. Thus, the loop maintains oscillation, but
with all signs reversed. The 02 and 03 level shifters supply
TIL data outputs for data and sign.
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This circuit constitutes an 1-F converter which
responds to AC inputs. If the square wave source is re-
placed with a piezoelectric accelerometer, direct digitiza-
tion results. Figure 18 shows circuit response when an
acceleration (Trace A), in this case a damped sinusoid. is
applied to the transducer. The sign bit (Trace B) keeps
track of acceleration polarity, while the frequency output
supplies amplitude data. Observe the drop in output fre-

quency as the input waveform damps. A monitoring proc-
essor, sampling the sign and frequency waveforms faster
than twice the highest acceleration frequency of interest,
can extract desired acceleration waveform data. To trim
the circuit, apply a known amplitude acceleration and
adjust the 1MO gain trim at C2. Alternately, the acceler-
ometer may be electrically simulated (see manufacturer's
data sheet for scale factors).

B=10V/D1V

C=20V/DIV
(UNCAL)

D=20V/D1V
(UNCAL)

B= 10V/DIV
(INVERTED)

C= 1OV/DIV



Application Note 8

May 1985

Power Conditioning Techniques for Batteries

Declining power requirements for circuitry have made
battery operation desirable and common. In many circum-
stances the battery voltage may be applied directly to
circuitry with no special considerations. Other situations
require some form of battery power conditioning to supply
necessary voltages. At present, most IC regulators are not
suitable for battery regulation because of high quiescent
current and/or inability to operate at low input voltages. In
particular, some sWitching regulators consume 20mA,
many times the total power drain of some low power
systems.

Designing battery regulator circuitry involves numerous
considerations including efficiency, power output, battery
life, circuit complexity, FC board space and cost.

Various linear and switching regulation techniques are
applicable, with the best approach determined by specific
requirements. Most circuit types provide DC outputs, al-
though AC is sometimes required. General classes of
regulators include voltage inverters, step-down circuits
and step-up converters.

Negative Voltage Generators

Generating a negative voltage is a common requirement.
Figure 1 shows a simple way to do this. The LTC1044
switched-capacitor voltage converter's internal switches
synchronously transfer charge from C1 to C2, the output
capacitor. When 8W1 is closed, C1 charges to 9V. When
81 opens, 82 closes, charging C2, which assumes a nega-
tive potential with respect to ground. Continuous clocking
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keeps VOUTat DC. Due to finite output impedance, loading
the output causes a drop in voltage. Figure 2 plots output
voltage deviation versus load current. In low current ap·
plications or where regulation is not critical, this circuit is
adequate. To improve regulation, it is necessary to de·
crease output impedance. Figure 3 encloses the LTC1044
within the LM10's feedback loop. Because of the
LTC1044's voltage inversion, the loop is closed at the op
amp's positive input. The voltage converter's losses are
compensated by increased drive from the LM10. The 0.1JlF
capacitor stabilizes the loop and the 47JlF unit keeps LM10
output impedance low at the LTC1044's switching fre·
quency. LM10 output swing restrictions limit circuit out·
put to 8.5V. Output regulation, plotted in Figure 2,
improves upon Figure 1's basic circuit.

iTClO~4/LM\0 (FlbuRE~)

NTC1044 (FIGURE 1)
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Battery Splitter

A common need in many systems is to obtain positive and
negative supplies from a single battery. Where current reo
quirements are small, the circuit shown in Figure 4 is a
simple solution. It provides symmetrical ± output volt·
ages, both equal to one half the input voltage. The output
voltages are referenced to pin 3 (output common). If the in·
put voltage between pin 8 and pin 5 exceeds 6V, pin 6
should also be connected to pin 3, as shown by the
dashed line. Higher current requirements are served by an
LT1010 buffer. The splitter circuit shown in Figure 5 can
source or sink up to ± 150mA with only 5mA quiescent
current. The output capacitor, C2, can be made as large as
necessary to absorb current transients. An input capacitor
is also used on the buffer to avoid high frequency instabil·
ity that can be caused by high source impedance.

OUTPUT

T10,.F
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Low Dropout Regulator

Linear regulators for batteries are a good way to get low
noise, fast transient response regulation. It is desirable to
achieve this performance with a very low regulator drop-
out voltage to maximize battery life. This can be done with
PNP pass elements, but their base current never arrives at
the load, decreasing efficiency. Additionally, the PNP's
voltage gain complicates loop dynamics, often resulting
in relatively poor transient response.

The circuit illustrated in Figure 6 offers extremely low
dropout and the fast transient response of an NPN pass
element. Quiescent current is 760p.A and the 100mA
capacity output is short circuit protected. Normally, NPN
pass-based regulators have high dropout voltages be-
cause of voltage drops in the emitter-follower connected
pass transistor. This 6V powered design drives the NPN
pass base from a 12V source generated by the LTC1044

voltage doubler. The transistor operates as a voltage over-
driven emitter-follower. The emitter's ability to follow the
collector is limited only by VCESAT.The voltage overdriven
base removes VSEdrop, normally the dominant loss, as a
consideration. The LTC1044 doubles the battery voltage
and powers the LT1013 dual op amp. A 1, with 12V output
capability, feedback controls the 6V collector-biased tran-
sistor. The 1000 resistor prevents parasitic high frequency
oscillation and the LT1004 serves as a reference. The out-
put is trimmed by varying A 1's feedback divider and the
0.003p.F capacitor compensates the loop. A2 provides
short circuit protection by forcing A 1's output low if bat-
tery current exceeds 150mA. A2's low offset and high open
loop gain allow using the 0.010 current sense resistor, re-
ducing voltage drop losses. At 100mA output, the shunt
has only 1mV across it.

+ 12 OUTPUT
lN914

1000
10

3 ·1
2N2219

5V OUTPUT

-=-VBATT
-=-6V

lOOk 0.003"F0.010
1000 120k
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Figure 7 illustrates dropout data for the regulator. At 10mA
load, dropout is only 0.016V, with 0.94V occurring at
100mA loading. Transient response is shown in Figure 8.
Waveform A controls an output load which is either zero or
100mA. Waveform B is the regulator's AC·coupled output.
Transient response is clean and quick, with little tailing or
aberration.

Low Power Switching Regulator

The low dropout linear regulator is efficient only when its
input and output voltages are close. Situations requiring
substantial voltage drop to achieve the desired regulated
output need switching techniques to maintain good effi-
ciency. Figure 9 shows a simple battery·powered switch·
ing regulator. It provides 5V out from a 9V source with 80%

1/
/

/
V

/
/

/

~60
~ 50

~ 40

o 0 10 20 30 40 50 60 70 80 90 100
OUTPUT CURRENT (mA)

Figure 7. Dropout vs Load for Figure 6

+1"47

efficiency and 50mA output capability. Assume 01 is on.
Its collector (Trace A, Figure 10)voltage rises, forcing cur·
rent (Trace B) through the inductor. The output voltage
(Trace C) rises, causing Al's output to rise. 01 cuts off and
the output decays through the load. The 100pF capacitor
ensures clean switching. The cycle repeats when the out·
put drops low enough for Alto turn on 01. The l/LF capaci-
tor ensures low battery impedance at high frequencies,
preventing "sag" during switching. Short circuit protec·
tion is as shown in Figure 6's circuit. In some applications
the switching·induced noise on the regulated output may
be troublesome. Figure 11 eliminates the noise by adding
a low-dropout series regulator at the switching circuit's
output. The switching loop's operation is similar to
Figure 9 except that the voltage across the 2N5434 FET
series pass element is controlled. The switching loop

50k
OUTPUT
ADJUST HORIZONTAL = 5OOpS/OIV

Figure 10. Figure 9's Operating Waveforms
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ciency is not quite as good as the basic switching circuit
due to the 6mW (O.250Vx O.025A)dissipated in the FET.

forces this voltage to equal VD, regardless of input or load·
ing conditions. The FET, a low RON, low pinch·off unit,
combines with A2 to form a simple, low dropout series
pass regulator. The LT1004 is the reference and the
1000pF capacitor provides roll·off. This circuit will supply
25mA of noise-free, regulated power with short circuit cur-
rent set by the FET's 30mA IDSS.The overall 75% effi-

High Current, "Inductorless," Switching Regulator

Figure 12 shows another high efficiency battery-driven
regulator, but this circuit features a 1A output capacity.

ALL DIODES ARE lN4148
01. 02. 03: IRF9531 P.(;HANNEL
04: IRF533 N.(;HANNEL

1BOpF

T

5V
20mA

390k
1%
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Additionally, it does not require an inductor, an unusual
feature for a switching regulator operating at this current
level.

The LTC1043 switched-capacitor building block provides
non-overlapping complementary drive to the 01-04 power
MOSFETs. The MOSFETs are arranged so that C1 and C2
are alternately placed in series and then in parallel. During
the series phase, the + 12V battery's current flows
through both capacitors, charging them and furnishing
load current. During the parallel phase, both capacitors
deliver current to the load. Traces A and B, Figure 13, are
the LTC1043·supplied drives to 03 and 04 respectively.
01 and 02 receive similar drive from pins 3 and 11. The
diode-resistor networks provide additional non-overlap-
ping drive characteristics, preventing simultaneous drive
to the series-parallel phase switches. Normally, the output
would be one half of the supply voltage, but C1 and its as-
sociated components close a feedback loop, forcing the
output to 5V. With the circuit in the series phase, the out-
put (Trace C) heads rapidly positive. When the output ex-
ceeds 5V, C1 trips, forcing the LTC1043 oscillator pin
(Trace D) high. This truncates the LTC1043's triangle wave
oscillator cycle. The circuit is forced into the parallel

20V/DIV

100mVIDIV
(AC COUPLED)

phase and the output coasts down slowly until the next
LTC1043 clock cycle begins. C1's output diode prevents
the triangle down-slope from being affected and the 100pF
capacitor provides sharp transitions. The loop regulates
the output to 5V by feedback-controlling the turn-off point
of the series phase. The circuit constitutes a large scale
switched-capacitor voltage divider which is never allowed
to complete a full cycle. The high transient currents are
easily handled by the power MOSFETs and overall effi-
ciencyis83%.

Voltage Step·Up Circuits-Simple Voltage Doubler

All of the previous circuits condition battery output to a
lower voltage. Many applications call for a voltage above
the battery output. Figure 14 shows a simple way to
double available battery voltage using the LTC1044
switched-capacitor voltage converter. As shown, the IC
functions in similar fashion to Figure 12's circuit, at
greatly reduced power levels. This circuit will drive low
power 74-CMOS loads (VSUPPLY 3V-15V) for extended peri-
ods of time from two small cells. Efficiency exceeds 90%
for load currents below 1.75mA. Figure 15 plots output
voltage versus loading.

VOUT~ 5V (FIGURE 16)

\ \

\ Vou,=6V (FIGURE 14)

\
\

~100;;
E
~ -150

~ -200

-350
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OUTPUT CURRENT (mAl

Figure 15
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Figure 16 addresses Figure 14's regulation fall-off with in-
creasing current. As in Figure 12, feedback techniques are
used to compensate for the voltage converter's output
impedance. The LTC1044 is connected in a voltage
doubler mode, with the 10JlFvalue used to pump up the
100JlF capacitor. 01 and 02 serve as a bidirectional
switch, allowing the pump up action to be interrupted. The
circuit regulates by using an LM10 op amp reference to
control the switch. When output voltage decays low
enough (Figure 17, Trace A), the LM10's reference ampli-

fier swings high (Trace B), driving the op amp negative
(Trace C) and both transistors come on. This allows the
LTC1044to pump charge to the 100JlFcapacitor. For each
charge cycle, the output takes a voltage step. When the
output steps high enough, the LM10 switches and the
cycle repeats. Repetition rate is load dependent, with typ-
ical values of 1Hz-400Hz. Response hysteresis is set by
the loop's gain-bandwidth to 40mV.The feedback network
fixes the 5V output within O.025Vfor loads up to 2mA
(plotted in Figure 15).

--,
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200mV .I. I
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The circuit in Figure 18 is conceptually similar, but uses a
transformer to get greater voltage gain. This allows a 5V
output from a single 1.5V cell. 02, 03 and T1 form a
self-oscillating DC-DC converter, controlled by the 01
switch. As in Figure 16, an LM10 closes feedback around
this battery step-up converter. With only 1.5V at the input,
particular attention must be paid to switch saturation
losses. The Germanium transistors specified have under
50mV drop, less than silicon types. Germanium output
diodes also contribute low forward drop losses. The
0.004JlF capacitor sets hysteresis at 20mV, preventing
erratic loop dynamics. An RC damper in T1's primary

+1.5V

eliminates parasitic high frequency oscillation modes.
Figure 19 shows operation, with 01's collector (Trace A)
going high when circuit output voltage (Trace D) falls
below the loop setpoint. Traces Band C are the LM10
output and 02's collector, respectively. Note that the
output's ramp steps up in similar fashion to Figure 16's
capacitively·driven circuit. As with Figure 16, loop
oscillation frequency is directly load dependent, with
typical values of 1Hz-250Hz. This circuit will supply a 5V,
150JlA load (about 25 CMOS SSIICs) for 3000 hours from a
single 1.5V "0" battery.

2V/DIV

2V/OIV

2V/OIV
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Regulated, 15VoUT, 6V Driven Converter

Figure 20 shows a 15V output converter which delivers up
to 50mA from a 6V battery. Efficiency is 78%. This flyback
class converter functions by feedback·controlling the fre·
quency of inductive flyback events. The inductor's output,
rectified and filtered to DC, biases the feedback loop to es·
tablish a stable output. If the converter's output is below
the loop setpoint, A2's inputs unbalance and current is fed
through the 1Mn resistor at At This ramps the 1000pF
value positive (Trace A, Figure 21). When this ramp ex·
ceeds the 0.5V potential at A 1's positive input, the ampli·
fier switches high (Trace B). 02 comes on, discharging the
capacitor to ground. Simultaneously, regenerative feed·
back through the 220pF value causes a positive-going
pulse at A 1's positive input (Trace C), sustaining A 1's
positive output. 01 comes on, allowing inductor (L1)
current (Trace D) to flow. When A1's feedback pulse

Joo01 2

decays, its output goes low, turning off 01. 01's collector
(Trace E) is pulled high by the inductor's flyback and the
energy is stored in the 100/lF capacitor. The capacitor's
voltage, which is the circuit output, is sampled by A2 to
close a loop around the A1·01 combination. This loop
forces A 1 to oscillate at whatever frequency is required to
maintain the 15V output. A1's fixed width output pulse
prevents L1 from ever saturating, preventing destructive
01 currents. The 0.1/lF capacitor at A2 furnishes stable
loop compensation, with the LT1004 serving as a refer·
ence. Regulation is within 0.05% over a wide range of
output loads and temperature coefficient is typically
50ppm/oC.

The relatively high voltage·high power output of this cir·
cuit suits mixed linear·digital systems requirements well.

OUTPUT
+15V
50mA

J 100

5V/OIV

5V/OIV

HORIZONTAL= 1oo"s/OIV

Figure 21. Figure 20's Waveforms
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Bipolar Output Flyback Converter

Figure 22 shows a way to obtain positive and negative 15V
outputs from a single inductor. The circuit works by
alternately determining which end of the inductor is
allowed to flyback. The resultant positive and negative
peaks are rectified, stored and regulated to produce a
bipolar output. The 30kHz clock drives the 74C74 flip-flop,
producing a square wave at 01 (Trace A, Figure 23).
This waveform is fed to the 74COOgate network. The RC
networks prevent unwanted pulses due to flip-flop delay.
G2 and G3's outputs appear as Traces Band C, respec-
tively, and bias 01 and 02. The logic alternately turns 01

and 02 off when the inductor flies back. Although inductor
drive current (Trace 0) always flows in the same direction,
the alternate switching allows positive and negative fly-
back action at the transistor's collectors. Trace E shows
01's collector and Trace E is 02's output. The ringing, due
to incomplete damping, is common at low power converter
outputs and is not deleterious to circuit operation. The
LT1013 dual op amp and the FETs form a dual low dropout
± 15V regulator with 30mA output capability. These mirror
image circuits function similarly to the one shown in
Figure 11.

~ ~HP5082-2810

L1 =24-104 AlE VERNITRON

A=5V/OIV

8~5V/OIV
C=5V/OIV

O~50mA/OIV
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115VAC Sine Wave Output Converter

Not all battery converters must produce a DC output.
Some battery-driven systems utilize high voltage, sine
wave-driven devices such as small motors, gyros, and
syncros. Deriving high voltage sine waves from a battery

supply is possible with linear techniques but efficiency is
poor. Figure 24 shows a circuit which obtains 78% effi-
ciency by sequentially switching segments of a 28V
battery stack into a fixed gain, step-up voltage chopper.

15 A 0
14 B t
13 C 7445 •

12 0 9

11 = TRW-MET-465-20.25+ = GATES # 0800-0004

V =2N3B67

V =2N2222A
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Figure 25 illustrates the voltage presented to the chopper
as a function of the sequencing logic's state. The battery
stack segments are arranged to provide the best sine wave
fit. Figure 26 details waveforms of operation. Trace A is
the 14.4kHz clock, which feeds the logic network. The
logic generates 9 discrete states, which bias 01-08.
These transistors sequentially place portions of the bat·
tery stack at the input of the 09·010-T1 chopper. The
74C74 flip-flop "A" directs the 74190 up-down counter to
reverse direction each time it reaches zero, resulting in a
repetitive, rectified sine wave at the chopper input
(Trace B). The diodes in the transistor's collector line
prevent reverse breakdown. 09 and 010's bias are a

divided version of flip-flop A's output (Trace C) and T1
receives alternating drive. T1's output approximates a sine
wave, (Trace D) with voltage step·up furnished by the
transformer ratio. In this case, the output is 115VAC,
400Hz with a power capability of about 20W. The 0.01",F
capacitor shown filters residual harmonics and may not
be required for some loads. Traces E, F, and G are
increased resolution representations of Traces A, Band C.
They clearly show the relationship between the clock and
the chopper input stepping. The dissimilar amplitude step
heights are discernible, in accordance with the protocol
presented in Figure 25.
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Application Considerations and Circuits for a New
Chopper-Stabilized Op Amp
Jim Williams

A great deal of progress has been made in op amp DC
characteristics. Carefully executed designs currently
available provide sub-microvolt Vas AT drift, low bias
currents and open loop gains exceeding one million. Con-
siderable design and processing advances were required
to achieve these specifications. Because of this, it is in-
teresting to note that amplifiers with even better DCspec-
ification were available in 1963 (Philbrick Researches
Model SP656). Although these modular amplifiers were
large and expensive (~3" x 2" x 1.5" at $195.001963
dollars) by modern standards, their DC performance an-
ticipated today's best monolithic amplifiers while using
relatively primitive components. This was accomplished
by employing chopper-stabilization techniques (see Box,
"Choppers, Chopper-Stabilization and the LTC1052")
instead of the more common DC-differential stage
approach.

The chopper-stabilized approach, developed by E. A.
Goldberg in 1948, uses the amplifier's input to amplitude
modulate an AC carrier. This carrier, amplified and syn-
chronously demodulated back to DC, furnishes the ampli-

LTC1052
CHOPPER-
STABILIZEO

±5p.V

005p.V IUC
O.5p.Vp-p
Typ

Eos - 25°C

Eos",TfOC
Noise (1Hz BW)

Open Loop Gain

Bias Current-25°C

CMRR

PSRR

Input Common-Mode Range

120dB

30pA

120dB

120dB
V+I-2.3V
V~ I + OV

4V/p.s
1MHz

Slew Rate

GBW

'Unable to verify by laboratory testing.
Measured at O.7p.Vp-p.

"Measured at 5p.Vp-p in a 1Hz bandwidth.

fier's outpUt. Because the DC input is translated to and
amplified as an AC signal, the amplifier's DC terms have
no effect on overall drift. This is the reason chopper-
stabilized amplifiers are able to achieve significantly
lower time and temperature drifts than classic differential
types. Additionally, the AC processing of the signal aids
low frequency amplifier noise performance and elimi-
nates many of the careful design and layout procedures
necessary in a classic differential approach. The most
significant trade-off is increased complexity. The chop-
ping circuitry and sampled data operation of these
amplifiers require significant attention for good results.
Additionally, the AC dynamics of chopper-stabilized am-
plifiers are complex if bandwidths greater than the chop-
ping carrier frequency are required.

The LTC1052 is a third generation monolithic chopper-
stabilized amplifier. As the table in Figure 1 shows, it is
significantly better than previous monolithic chopper-
stabilized amplifiers in several areas. For comparison
purposes, conventional FET input and bias current com-
pensated bipolar types are also listed. Noise has been a

ICL7652 HA2904/5
A0547 LM11 LTlO12

CHOPPER- CHOPPER· FET LOW 18 LOW 18
STABILIZEO STABILIZEO BIPOLAR BIPOLAR

± 5p.V ±50p.V ± 250p.V ± 300p.V ±35p.V
O.05p.V/oC O.4,N 1°C 1p.V/oC 3p.V1°C 1.5p.V/oC
02p.Vp-p Specified as 4p.Vp-p 6,tVp-p O.5p.Vp-p
Typ' 900nV I.JHz

at 10Hz" Rs= 100kll

120dB (25°C) 5 x 108 Typ 2.5x 105 2.5x105 3 x 105

30pA 150pA Typ 25pA 50pA 100pA
11 OdB (25°C) 120dB 80dB 110dB 114dB
110dB (25"C) 120dB 100dB 100dB 114dB

V • I -1.5V ± 10V at V+ 1- 2V V+I-O.5V V+ 1-1.5V
V~/+O.7V ± 15V Supply V - 1+ 3V V~ 1+1.5V V~/+1.5V
O.5V/p.s 25V I p'S 3V/p.s 0.3V I p'S O.1V I"s
045MHz 3M Hz 1MHz O.8MHz O.8MHz



Application Note 9

particular concern with previous monolithic chopper de-
signs and Figure 2 is a strip chart of the LTC1052's per-
formance at two measurement bandwidths. Additionally,
the LTC1 052's input common-mode range includes V- ,
making single-supply operation more practical.

Considerable attention to DC parasitics, particularly thermal
EMFs, is required if the LTC1052's ultra low drift is to be
fully utilized. Any connection of dissimilar metals produces a
potential which varies with the junction's temperature
(Seeback effect). As temperature sensors, thermocouples
exploit this phenomenon to produce useful information. In
low drift amplifier circuits the effect is probably the primary
source of error. Connectors, switches, relay contacts, sock-
ets, wire, and even solder are all candidates for thermal

EMF generation. It is relatively clear that connectors and
sockets can form thermal junctions. However, it is not at all
obvious that junctions of wire from different manufacturers
can easily generate 200nV/oC-four times the LTC1052's
drift specification! Figure 3 shows a plot obtained for such a
wire junction. Even solder can become an error term at low
levels, creating a junction with copper or Kovar wires or PC
traces (see Figure 4).

Minimizing thermal EMF induced errors is possible if
judicious attention is given to circuit board layout. In
general, it is good practice to limit the number of junctions
in the amplifier's input signal path. Avoid connectors,
sockets, switches and other potential error sources to the
extent possible. In some cases this will not be possible.
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In these instances, attempt to balance the number and
type of junctions in the amplifier inputs so that differential
cancellation occurs. Doing this may involve deliberately
creating and introducing junctions to offset unavoidable
junctions. This practice, borrowed from standard lab pro-
cedures, can be quite effective in reducing thermal EMF
originated drifts. Figure 5 shows a simple example where
a nominally unnecessary resistor is included to promote
such thermal balancing. For remote signal sources such
as transducers, connectors may be unavoidable. In these
cases choose a connector specified for relatively low ther-
mal EMF activity and ensure a similarly balanced ap-
proach in routing signals through the connector, along
the circuit board and to the amplifier. If some imbalance is
unavoidable, deliberately introduce an intentional coun-
terbalancing junction. In all cases maintain the junctions
in close physical proximity, which will keep them at the
same temperature. Avoid drafts and temperature gra-
dients, which can introduce thermal imbalances and
cause problems. Figure 6 shows the LTC1 052 set up in a
test circuit to measure its temperature stability. The lead
lengths of the resistors connected to the amplifier's in-
puts are identical. The thermal capacity each input sees
is also balanced because of the symmetrical connection of
the resistors and their identical size. Thus, thermal EMF
induced shifts are equal in phase and amplitude and can-
cellation occurs. Very slight air currents can still affect

DELIBERATE SPLICE MAY BE
DESIRABLE TO BALANCE OTHER
JUNCTiONS

LEAD WIRE/SOLDER/COPPER
TRACE JUNCTION

even this arrangement. Figure 7 shows strip charts of
output noise with the circuit covered by a small styrofoam
cup (HANDI-KUP Company Model H8-S) and with no
cover in "still" air. This data illustrates why it is often
prudent to enclose the LTC1052 and its attendant com-
ponents inside some form of thermal baffle.

Thermal EMFs are the most likely, but not the only, potential
low level error source. Electrostatic and electromagnetic
shielding may be required. Power supply transformer fields
are notorious sources of errors often mistakenly attributed to
amplifier DC drift and noise. A transformer's magnetic field
impinging on a PC trace can easily generate microvolts
across that conductor in accordance with well-known mag-
netic theory. The amplifier cannot distinguish between this
spurious signal and the desired input. Attempts to eliminate
the problem by rolling off amplifier gain with a feedback
capacitor may work, but often the filtered version of the
undesired pickup masquerades as an unstable DC term in
the output. The most direct approach is to use shielded
transformers, but careful layout may be equally effective
and less costly. A circuit which requires the transformer to
be close by to achieve a good quality grounding scheme may
be disturbed by the transformer's magnetic field. An RF
choke connected across a scope probe can determine the
presence and relative intensity of transformer fields, aiding
layout experimentation.



v-
Figure 7. DC to 1Hz Noise Test Circuit

Another source of parasitic error is stray leakage current. A final form of parasitic is one particular to all carrier-
The LTC1052's 30pA bias current allows operation from based amplifiers. If the amplifier is operating in a circuit
very high source impedances. In such cases it is desir- which contains clocking or oscillation with substantial
able to prevent stray leakage currents from reaching the harmonic content at or near its carrier frequency (e.g.,
inputs. The simplest way to do this is to connect the from another LTC1052), erratic operation is possible.
amplifier inputs directly to the signal source via a teflon This is particularly the case if inductors or transformers
stand-off. Because the amplifier inputs never contact the radiate magnetic fields related to the clocking or oscilla-
PC board, stray leakage currents do not affect them. tion. The undesired interaction between the amplifier's
Although this approach is effective, its implementation chopping sequence and the externally generated AC sig-
may not be acceptable in production. Guarding is another nals may cause mixing and beat frequencies to occur,
technique to minimize board leakage effects. The guard resulting in errors in the output. The LTC1052 is not par-
is a PCtrace completely encircling the input. This trace is ticularly sensitive in this regard, but synchronizing its in-
driven (see Figure 8) at a potential equal to that of the in- ternal oscillator with external circuit clocking precludes
put, preventing leakage to the amplifier input terminal. this problem. The 14-pin version of the LTC1052 features
On PCboards, the guard should enclose the input(s) to be a pin which allows the internal clock to be synchronized
protected, with signal connections made directly to the to an external signal. Input signals containing substantial
amplifier input. AC content may also cause this problem if the AC signal



has strong spectral components related to the chopping
frequency. In applications where such AC input com-
ponents exist, it may be necessary to drive the LTC1052
from an external clock source at a frequency which has
no harmonic relationship with the input signal. For ex-
ample, a 372Hz clock frequency will prevent 60Hz input
components from affecting amplifier operation.

Applications

Once alerted to the potential problems previously outli ned,
the engineer is prepared to design circuits around the
LTC1052. The most obvious applications are at low level
DC, where the low drift will improve performance over
other amplifiers. More subtlely, it is possible to exploit the
LTC1052's low offset uncertainties to extend the dynamic

R2 R4

Rl =R3
':" ':" R2=R4

range of circuit operation. The circuits which follow
demonstrate these points, using relatively straightfor-
ward examples of improvements in low level, precision
performance. Additional, less Obvious, circuits use the
LTC1052 to stabilize and enhance the performance of a
variety of functions including data converters, buffers
and comparators.

Standard Grade Variable Voltage Reference

Figure 9 diagrams a standard lab grade variable voltage
reference. This circuit combines a pair of LTC1052s with
high grade saturated standard cells and other compo-
nents to produce an extremely stable reference source.
The circuit may be used to calibrate 6112 digit voltmeters,
ultra high resolution data converters and other apparatus
requiring high order traceability to primary standards.

r----,
I
I
I
I
I
I
IL ..J

'TRW MAR·6 TYPE.
USE SINGLE POINT GROUNOING TECHNIOUE .

•• JULIE RESEARCH LABS. TYPE NB-l.

227k" 99.95k··
(SELECT) 501l'



Application Note 9

The SCO-106 saturated cells furnish a reference voltage
which is buffered and amplified to precisely 10V by A1.
A1's output drives a seven place settable Kelvin-Varley
divider with 1ppm accuracy. A2's low bias current and
high CMRR allow it to unload the divider without introduc-
ing significant error. To calibrate this circuit, adjust A1's
output for exactly 10V by selecting the feedback resistor
and fine trimming the 20MO potentiometer. A1's output
should be measured with equipment having order tracea-
bility to primary NBS standards. Once calibrated, this

circuit will provide worst-case 0.0014% accuracy over
one year's time and ± 5°C temperature excursions.
Figure 10 details error sources. Note that the amplifiers
contribute only about 1.3ppm (0.00013%) of the total.

Ultra-Precision Instrumentation Amplifier

An ultra-precision instrumentation amplifier appears in
Figure 11. This circuit offers greater accuracy and lower
drift than any commercially available IC, hybrid or module.

SCO-1Q6ReferenceI 2ppmIYear
A1- O.05I'V/oC x A = 3 x 5°C = 0.75I'V
A2 - O.05I'V/oC x A = 1x 5°C = O.251'V
A1 +A2 Time DriftlYear=2l'V
KVD- O.5ppm/oe x 5°e + 1ppm/Year = 3.5ppm
Resistors- 0 1ppm/oe Ratio5°e + 2ppm/Year = 2.5ppm
A2 eMRR Error = 1ppm 1.2ppm
A2 Loading Error =O.2ppm

=2ppm
=O.075ppm
=O.025ppm
=O.02ppm
=35ppm
= 2.5ppm
= 1.2ppm
9.32ppm

I CIRCUITRY WITHIN OASHED LINES MAY BE DELETED

I IF OUTPUT DOES NOT HAVE TO SWING ALL THE WAY
TO GROUND

I DRIFT=50nV/oC
I Vos=3,V

18 15 GAIN=*+1

I CMRR = > 120<18 OC - 20kHz+ + =~O.~ .J BANDWIDTH=10Hz

0004~

17 ~



Additionally, it will run from a single 5V power supply. The
LTC1043 switched-capacitor instrumentation building
block provides a differential-to-single-ended transition
using a flying capacitor technique. C1 alternately samples
the differential input signal and charges ground referred
C2 with this information. The LTC1052 measures the volt-
age across C2 and provides the circuit's output. Gain is set
by the ratio of the amplifier's feedback resistors. Normally,
the LTC1052's output stage can swing within 15mV of
ground. If operation all the way to zero is required, the cir-
cuit shown in dashed lines may be employed. This con-
figuration uses the remaining LTC1043 section to generate
a small negative voltage by inverting the diode drop. This
potential drives the 10kO pull-down resistor, forcing the
LTC1052' s output into class A operation for voltages near
zero. Note that the circuit's switched-capacitor front end
forms a sampled data filter allowing common-mode rejec-
tion ratio to remain high, even with increasing frequency.
The 0.004h!F unit sets front end switching frequency at a
few hundred hertz. The chart details circuit performance.

High Performance Isolation Amplifier

Instrumentation amplifiers cannot be used to signal con-
dition all differential signals. In factory and process con-
trol environments, severe grounding and common-mode
voltages often mandate the requirement for isolation
amplifiers. Isolation amplifiers feature inputs which are
galvanically isolated from their output and power connec-
tions. This allows the amplifier to ignore the effects of
ground loops and operate at input common-mode volt-
ages many times the power supply voltage. Implement-
ing a precise, low drift isolation amplifier is not easy, and
commercial units are quite expensive. Figure 12 shows a
circuit with 0.03% transfer accuracy and the 50nV/oC
input drift of the LTC1052. As shown, the circuit provides
a gain of 1000 and will operate at 250V input common-
mode levels.

The circuit works by amplitude modulating the output of a
signal conditioning amplifier through a transformer. A
synchronous demodulator filter reconstructs the ampli-
fier's original output and furnishes the circuit's output. A
separate oscillator and transfomer provide power to the
amplifier, preserving galvanic isolation between the cir-
cuit's input and output ports.

Application Note 9

Three 74C04 gates and their associated components
form an oscillator which provides complementary drive to
05 and 06. These devices energize L1, which generates
floating power on the input side of the dashed barrier
shown. Simultaneously, the oscillator provides slightly
delayed complementary drive to the 01-02 FET switches
via the 3300-1 OOpFnetwork and the additional inverters.
The floating power produced by L1 is rectified and filtered
and drives the LTC1052 (A 1) via the zener drops of the
transistors. The ± 15V floating power is brought out so it
can be used to power transducers or other loads. Interac-
tion between the transformer's chopping carrier and A 1's
internal oscillator is avoided by synchronizing the ampli-
fier to the carrier via the two decade counters. 03 and 04,
driven by opposing phase carrier signals derived from
L1, chop A1's output into L2. This modulated signal in-
formation is received at L2's other winding. Because 01
and 02 are driven synchronously with 03 and 04, they
demodulate the amplitude and phase (e.g., plus or minus
polarity) information in the carrier. The 3300-1 OOpF net-
work compensates for the slight skew in switch drive
signals on opposing sides of L2, minimizing gain error.
L2's output (pin 2) is RC filtered at A2, which also pro-
vides the circuit's output. Slight switching errors in the
modulator-demodulator result in very small gain differ-
ences between positive and negative outputs at pin 2 of
L2. This effect is compensated by the diode-resistor net-
work in A2's output, which provides a small decrease in
gai n for negative outputs.

Figure 13 shows the response of the isolation amplifier to a
sine wave input. For this test, the floating common and cir-
cuit grounds are tied together. Trace A is the input applied to
A1. Trace B, taken at pin 4 of L2, shows A1's amplified out-
put being modulated into the transformer. Trace C, obtained
at pin 1 of L2, depicts the received modulated waveform as
it is synchronously demodulated. The filtered and final out-
put of A2 appears in Trace D. The 25kHz carrier limits full
power bandwidth of this circuit to about 500Hz, adequate
for process control and transducer applications. The
transformers used set a voltage breakdown specification of
250V, although higher levels are achievable with different
devices. As shown, circuit gain is 1000, allowing amplifica-
tion of a ± 5mV signal riding on 250V of common-mode to a
± 5V output. Gain accuracy is 0.03% with a gain drift of
typically 50ppm/oC. Input referred drift is set by the
LTC1052's 50nV/oC specification.
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To trim this circuit, tie A 1's input to floating common and
adjust the zero trim for OV output. Next, connect A1 's in-
put to a + 5mV source and adjust the gain trim at A2 for
exactly + 5.000VOUT. Finally, connect A 1 's input to a
- 5mV source and select the 10MO value in A2's feed-
back path for a -5.000V output reading. Repeat this
procedure until all three points are fixed.

Stabilized, Low Input Capacitance Buffer (FET Probe)

A recurring requirement in automatic semiconductor test-
ing and probing equipment is for a highly stable unity-
gain buffer amplifier with low input capacitance. Such an
amplifier is also useful for other circuit chores where it is
desirable to accurately monitor a point without introduc-
ing any significant AC or DC loading terms. Figure 14
shows such a circuit. 01 and 02 constitute a simple, high
speed FET input buffer. 01 functions as a source follower,
with the 02 current source load setting the drain-source

channel current. The LT101 0 buffer provides output
drive capability for cables or whatever load is required.
Normally, this open loop configuration would be quite
drifty because there is no DC feedback. The LTC1052
contributes this function to stabilize the circuit. It does
this by comparing the filtered circuit output to a similarly
filtered version of the input signal. The amplified dif-
ference between these signals is used to set 02's bias,
and hence 01 's channel current. This forces 01 's VGSto
whatever voltage is required to match the circuit's input
and output potentials. The diode in 01 's source line en-
sures that the gate never forward biases and the 2000pF
capacitor at A 1 provides stable loop compensation. The
RC network in A1 's output prevents it from seeing high
speed edges coupled through 02's collector-base junc-
tion. A2's output is also fed back to the shield around
01 's gate lead, bootstrapping the circuit's effective input
capacitance down to less than 1pF.

0.1

~
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The LT1010's 15MHz bandwidth and 100V/j.ts slew
rate, combined with its 150mA output, are fast enough
for most circuits. For very fast requirements, the alter-
nate discrete component buffer shown will be useful.
Although its output is current limited at 75mA, the GHz
range transistors employed provide exceptionally wide
bandwidth, fast slewing and very little delay. Figure 15
shows the LTC1052 stabilized buffer circuit's response
using the discrete stage. Response is clean and quick,
with delay inside 4ns. Note that rise time is limited by the
pulse generator and not the circuit. For either stage, off-
set is set by the LTC1052 at 3j.tV, with gain about 0.95. It
is worth noting that this circuit performs the same func-
tion as commercial FET probes in the $1,000.00 range.

Chopper-Stabilized Comparator

It is often desirable to use a reasonably fast voltage com-
parator with low input offset drift. Such a device is useful
in high resolution A- D converters, crossing detectors
and anywhere else a precise, stable, high speed compar-
ison must be made. Unfortunately, obtaining reasonable
comparator speed and low input drift in a design is dif-
ficult and monolithic comparators must be constructed
around this trade-off. Figure 16 shows a way to use the
LTC1052 to eliminate offset and drift in a comparator
without sacrificing speed or differential input versatility.
This circuit is applicable only in situations where some
dead time is available for zeroing action to occur.

The circuit functions by periodically shorting the com-
parator inputs together and forcing the comparator into its
linear region via its offset pins. The voltage at the offset

pins required to do this is stored. When the comparator
inputs are returned to their normal states, the stored
voltage is maintained at the comparator's offset pins, ef-
fectively controlling the device's offset. Periodic updating
ensures long term stability of the correction. In this cir-
cuit, A1 is the stabilizing amplifier for C1. C1 's inputs are
controlled by a dual DPDT switch section furnished by the
LTC1043. When LTC1043 pin 16 is high, pins 12 and 11
are connected to pins 13 and 7, respectively. Pin 3, at
C1 's output, is connected to pin 18. Under these condi-
tions, A 1 is effectively connected in a negative feedback
loop between C1 's output and its offset pin 5 (see detail of
LT1011 input stage in Figure 16). This forces C1 into its
linear region and its output oscillates at a high frequency
between the rail voltages. A1, connected as a low fre-
quency integrator, filters this action, compares its DC
equivalent value to ground (its positive input potential)
and drives C1 's offsets to zero. When pin 16 of the
LTC1043 goes low, all switch states reverse and C1 's in-
puts are free to compare the signals present at LTC1043
pins 14 and 8 in the normal fashion. During this interval,
A 1's output remains fixed at the voltage stored in its feed-
back capacitor. A 1 's low bias current allows long dura-
tions between correction cycles-periods of seconds are
practical-while maintaining effective comparator offset
well within 5j.tV with negligible temperature drift.

Figure 17 shows the circuit's response to a sine wave
(Trace A) applied to C1's positive input at LTC1043 pin 14.
C1 's negative input, LTC1043 pin 8, is grounded. With the
circuit's zero command low (Trace B), C1 's output (Trace C)
responds in the normal fashion. During this period, the
status output (Trace D) is low, indicating C1 is in its normal
mode. When the zero command occurs (Trace B, just to the
right-center of the screen), C1 is forced into its linear
region, where it oscillates. During this time, A1 updates
the correction voltage stored in its feedback capacitor.
When the zero command pulse falls, normal comparator
action is seen to resume. Note that the circuit's status out-
put reflects the true operating mode of the circuit, because
its timing includes the 50ns delay of the LTC1043 switch.
For this reason the status output, and not the zero com-
mand, should be used to indicate the circuit's actual oper-
ating state.
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Stabilized Data Converter

Amplifiers and comparators are not the only elements
which can benefit from chopper-stabilization by the
LTC1052. Figure 18 shows a way to offset-stabilize a data
converter, thereby doubling its dynamic range of opera-
tion, eliminating the necessity for an offset trim and reduc-
ing zero drift to negligible levels. In this circuit, the
LTC1052 corrects for offset deficiencies in the AD650
V -- F converter. Although specified for 1M Hz full-scale
operation, this device's 4mV input offset limits untrimmed
dynamic range of operation to only 3112 decades of output fre-
uency. Under normal operating conditions, the AD650's
positive input is grounded and its negative input is driven
via the resistor string shown. Obtaining more than 31f2
decades of operation requires an offset trim at pins 13 and
14. Even after trimming, the input amplifier's 30p.V/oC
drift contributes a 3Hz/oC zero point error. The LTC1052

5k
FULL-SCALE
TRIM

E'N OV-10V

corrects these problems by measuring the offset voltage at
the circuit's summing node, comparing it to ground and
driving the AD650 positive input (normally grounded in the
manufacturer's recommended circuit configuration) with
the appropriate stabilizing correction voltage. The dual
FETs eliminate bias current caused errors. The LTC1052's
integrator configuration keeps its gain at low frequency
and DC, preserving the AD650's fast dynamic response
while eliminating its offset errors. The divider network in
the LTC1052's output is scaled to allow enough correction
range to zero the AD650's offsets without causing over-
drive during start-up and transients. With this scheme in
use, the circuit does not require any zero trim to achieve
full 6 decade operation. To calibrate, apply 10V and trim
the output for exactly 1MHz.

INPUT AMPLIFIER'S ± 4mV OFFSET CAUSES
400Hz OFFSET, LIMITING DYNAMIC RANGE
TO 3'12 DECADES. OFFSET HAS A 3D,oV/"C

DRIFT, CONTRIBUTING 3Hz/oC DRIFT IN
THE OUTPUT.

AD650 V - F CONVERTER
(SEE DATA SHEET FOR

CDMPLETE INFORMATION)
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Wide Range V - F Converter

Figure 19 shows another stabilized V- F converter. It
features 1Hz-1.25MHz operation, 0.05% linearity, and a
temperature coefficient of typically 20ppm/oC, all sub-
stantially better than Figure 18's circuit. Additionally, it is
less expensive and runs from a single 5V supply. Trade-
offs include slower step response and a larger component

10k
FULL-SCALE TRIM 2k

30.1k* (1.25MHZ)rh_~_

02MT ~
-= I 11

I
I
I

±O.05%
> 120dB
O.OlHZ/'C
20ppm/'C

LINEARITY
OYNAMIC RANGE
ZERO POINT DRIFT
GAIN DRIFT

count. This circuit uses a charge feedback scheme to
allow the LTC1052 to close a loop around the entire V - F
converter, instead of simply controlling offset. This ap-
proach enhances linearity and stability but introduces the
loop's settling time into the overall V- F step response
characteristic. Figure 20 shows waveforms of operation.

330pF

~
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A positive input voltage directs A1's output to go negative,
biasing the 01 current source. 01's collector puts current
into the 330pF capacitor, causing it to rise in voltage
(Trace A, Figure 20). The low input current CMOS inverter
changes state when the ramp crosses % of the supply
voltage. This causes all of the inverters to switch. The
two paralleled inverters at the end of the chain go low
(Trace B), simultaneously supplying positive feedback at
the 10k-3.3pF junction (Trace C) and forcing the 330pF
capacitor to a lower voltage by removing current from it
(Trace D) via the diode connected 2N3904. During the
ramping interval, LTC1043 switch pins 11 and 12 are con-
nected to pins 8 and 14 discharging the 100pF capacitor
into pin 14. When the output inverters go low, the
LTC1043's control pin (16) also switches, placing the
charged 100pF capacitor across pins 7 and 13. Thus, each
time the inverters switch, a fixed quantity of charge is dis-
pensed into the 2k-0.22IlF-10k potentiometer junction
(0 = CV). The LTC1043's switching is arranged so that this
charge is of opposite polarity to the positive input current.
The 0.221lF capacitor integrates the discrete charge
dumps to DC. A 1 servo controls the 01 inverter oscillator
to run at whatever frequency is required to force its nega-
tive input to OV. In this manner, drift and non-linear re-
sponse in the 01 inverter oscillator are compensated by
A1's closed loop control. The circuit's frequency output is
delivered by another LTC1043 section (Trace E).

Several factors contribute to this circuit's performance.
The low input current of the CMOS inverter, combined with
the low leakage of the 2N3904 base-emitter diode and the
circuit's servo action, allows operation to well below 1Hz,
despite the small 330pF integrating capacitor. In the lower
frequency ranges, currents at this junction are small and
board leakage can cause jitter. A clean board will work
well, but the best approach is to mount the capacitor, 01's
collector, the inverter input and the transistor base con-
nection on a teflon stand-off, using short connections. The
resistor and capacitor specified in the figure, both gain
terms, have opposing temperature coefficients, aiding
gain drift performance. The LTC1052's low offset elim-
inates the need for a zero trim while preserving the
circuit's> 120dB dynamic range of operation. To trim the
circuit, apply +5.000V and adjust the 1.25MHz trim for
1.2500MHz out.

Although Figure 19's circuit is impressive, it still does not
tax the LTC1052's dynamic range of operation. Figure 21
shows a highly modified version of Figure 19. It has a 1Hz
to 30MHz output (150dB dynamic range) for a OV to 3V
input. This is by far the widest dynamic range and high-
est operating frequency of any V - F discussed in the
literature at the time of writing*. It is a good application of
the extremely wide signal processing range afforded by
the LTC1052. The circuit maintains 0.08% linearity over
its entire 7113 decade range with a full-scale drift of about
20ppm/oC. Zero point error is 0.3Hz/oC and is directly
related to the LTC1052's 50nV/oC drift specification.

To get the additional bandwidth, Figure 19's CMOS in-
verters are replaced with a fast JFET buffer driving a
Schottky TTL Schmitt trigger. The Schottky diode pre-
vents the Schmitt trigger from ever seeing negative
voltage at its input. The diode connected 2N3904 is re-
tained for resetting the capacitor, which has a smaller
value. Figure 19's positive AC feedback, with its attend-
ant recovery time constant, is avoided in this circuit. In-
stead, the Schmitt's input voltage hysteresis provides the
limits which the oscillator runs between. The 30MHz full-
scale output is much faster than the LTC 1043 can accept,
so the digital divider stages are used to reduce the feed-
back frequency signal by a factor of 20. Remaining
Schmitt sections furnish complementary outputs. Good
high frequency wiring techniques should be used when
constructing the current source-buffer-Schmitt trigger
sections.

Figure 22 shows the key waveforms with the circuit loaf-
ing at 20M Hz. Trace A is the Schmitt trigger input, which
is seen to ramp between two voltage limits, while Trace B
is the Schmitt output. The closed loop approach results in
very low output jitter and noise over the entire 150dB
operating range. Figure 23 plots this, showing frequency
jitter versus output frequency. Jitter does not rise above
0.01 % until 20kHz, which is only 0.05% of scale. Even
at 1ppm of scale (30Hz), jitter is still about 1%, finally ris-
ing to 10% at 1Hz (0.000003% of full-scale). As V-F
operating frequency decreases toward the LTC1052's
feedback loop roll-off, the loop dominates the jitter
characteristic. In the high frequency ranges the loop
*1Hz-100MHz circuit is under development and will be discussed in
AN-14. "Designs for High Performance V-F Converters."



Application Note 9

poles are not a factor and current source and Schmitt trig-
ger switching noise dominate. As with Figure 19's cir-
cuit, the feedback loop slows step response. Figure 24
shows this, with a full-scale input step requiring almost

50ms to settle. To trim this circuit, ground the input and
adjust the 1Hz trim until oscillation just starts. Next, ap-
ply 3.000V and set the 30MHz trim for a 30.00MHz out-
put. Repeat this procedure until both points are fixed.
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v ....•F converters are not the only types of data converters
which can benefit from the LTC1052's performance.
Figure 25 shows a 16-bit A ....•0 converter (overrange to
100,000 counts is provided).

The A ....•0 converter, made up of A2. a flip-flop, some
gates and a current sink, is based on a current balancing
technique. Once again, the chopper-stabilized LTC1052's
50nV JOC input drift is required to eliminate offset errors in
the A ....•D. Figure 26 details key A ....•0 waveforms.
Assume the flip-flop's Q output (Trace B) is low, connect-
ing LTC1043 pins 3 and 18. The current sink switch
directs its output to ground.
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Under these conditions, the only current into A2's sum-
ming point is from the input via the 95kO resistor. This
positive current forces A2's output (Trace A, Figure 26) to
integrate in a negative direction. The negative ramp con-
tinues and finally passes the 74C74 flip-flop's switching
threshold. At the next clock pulse (clock is Trace C), the
flip-flop changes state (Trace B), causing the LTC1043
switch positions to reverse. Pin 3 connects to pin 15,
allowing the current sink to bias A2's summing point.

This results in a quickly rising, precise current flow out of
A2's summing point. This current, scaled to be greater
than the maximum input derived current, forces A2's
output movement to reverse and integrate in the positive
direction. At the first clock pulse after A2's output has
crossed the flip-flop's triggering threshold, switching oc-
curs and the entire cycle repeats. Because the reference
current is fixed, the flip-flop's duty cycle is solely a func-
tion of the input signal current into A2's summing point.
The flip-flop's output gates the clock, producing the
"frequency output A" output. The 1Ok-1OpF RC slightly
delays the clock signal, eliminating spurious output
pulses due to flip-flop delay. The circuit's data output,
the ratio of output A to the clock frequency, may be ex-
tracted with cou nters. Because the output is expressed
as a ratio, clock frequency stability is unimportant.
Slight parasitic charge pumping at the current switch
introduces an error term which varies with loop operating
frequency. This effect will cause a small nonlinearity in
the A- D's transfer function unless compensated. The

20k' 20k'
5V~-5V

10k
10·C TRIM

10k'

UNSHIElOEO CONNECTING
WIRE

remaining LTC1043 sections accomplish this by inverting
the reference and returning a very small, compensatory
charge to the current sink output each time circuit
switching occurs. The charge delivered is scaled by the
linearity trim to cancel the parasitic term. To calibrate this
circuit, apply 5.00000V and adjust the full-scale trim for
100,000 counts out. Next, set the input to 1.25000V and
adjust the linearity trim for 25,000 counts out. Repeat this
procedure until both points are fixed. Converter accuracy
is ± 1 count with a temperature coefficient of typically
15ppm / 0 C. Better TC is possible by employing a more
stable reference. The high offset stability of the LTC1052
at A2 eliminates zero errors and trimming.

Simple Remote Thermometer

Although many remote thermometer circuits have ap-
peared, few allow the temperature transducer's output to
be directly transmitted over an unshielded wire. The
relatively high output impedance of most temperature
transducers makes their outputs sensitive to noise on the
line and shielding is required. The low offset drift of the
LTC1052 permits the circuit of Figure 27, which offers
one solution to this problem. Here, the low output im-
pedance of a closed loop op amp gives ideal line-noise im-
munity. while the op amp's offset voltage drift provides a
temperature sensor. Using the op amp in this way re-
quires no external components and has the additional
advantages of a hermetic package and unit-to-unit
mechanical uniformity if replacement is ever required.
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220pF 74C04
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'=' 100k '='

100n
10k

LOAD OUTPUT SWING T 20DOpF5k ± 4.92V

'=' 25k ± 4.84V
1k ± 4.65V
220n ± 3.65V

The op amp's offset drift is amplified to drive the meter by
the LTC1 052. The diode bridge connection allows either
positive or negative op amp temperature sensor offsets to
interface directly with the circuit. In this case, the circuit
is arranged for a + 10°C to + 40°C output, although
other ranges are easily accommodated. To calibrate this
circuit, subject the op amp sensor to a + 1Q°C environ-
ment and adjust the 1Q°C trim for an appropriate meter
indication. Next, place the op amp sensor in a +40°C
environment and trim the 40°C adjustment for the proper
reading. Repeat this procedure until both points are fixed.
Once calibrated, this circuit will typically provide ac-
curacy within ± 2°C, even in high noise environments.

In some circumstances it may be required to obtain more
output current or swing from the LTC1052 than it can pro-
vide. The CMOS output stage cannot provide the current

levels of bipolar op amps. Additionally, it may be necessary
to run the device off ± 15V supplies and to obtain increased
voltage and current outputs. Figure 28 parallels a package
of CMOS inverters to obtain 10mA-20mA output current
capability. The inversion in the loop requires the feedback
connection to go to the amplifier's positive input. The RC
damper eliminates oscillation in the inverter stage, which is
running in its linear region. The local capacitive feedback at
the amplifier gives loop compensation. Figure 29 shows a
way to run the LTC1052 from + 15V supplies while obtain-
ing the increased current and voltage output capabilities of
the LT318A amplifier. The transistors run in zener mode,
dropping the supply to about ± 7V at the LTC1052. The
LT318A serves as an output stage with a voltage gain of 4.
The output swing is that of the LT318A, typically, ± 13V
into 2kQ with a short circuit current of 20mA. This circuit is
dynamically stable at any gain in either the inverting or
noninverting configuration, although the LTC1052's input
common-mode range ( - 7V to + 5V with the ± 15V power
supply used) must not be exceeded.

OUTPUT
± 12V@20mA
CURRENT LIMIT

3k

STABLE FOR ALL GAINS, INVERTING
AND NON-INVERTING. OBSERVE
LTC1052 COMMON-MODE INPUT LIMITS

Figure 29. Increasing Output Current and
Voltage (VSUPPLY== ± 15V)
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Box Section-Choppers,
Chopper-Stabilization and the LTC1052

All chopper-stabilized amplifiers achieve high DC stability
by converting the DC input into an AC signal. An AC gain
stage amplifies this signal. After amplification it is con-
verted back to DC and presented as the amplifier's out-
put. Figure B1 shows a conceptual chopper amplifier.

The AC amplifier's input is alternately switched between
the signal input and the feedback divider network. The
AC amplifier's output amplitude represents the difference
between the feedback signal and the circuit's input. This
output is converted back to DC by a phase sensitive de-
modulator composed of a second switch, synchronously
driven with the input switch. The output integrator stage
smooths the switch output to DC and presents the final
output. Drifts in the output integrator stage are of little
consequence because they are preceded by the AC gain
stage. The DC drifts in the AC stage are also irrelevant
because they are isolated from the rest of the amplifier by
the coupling capacitors. Overall DC gain is extremely
high, being the product of the gains of the AC stage and
the DC gain of the integrator. Although this approach
easily yields drifts of 100nV/OC and open loop gains of
100 million, there are some drawbacks. The amplifier has
a single-ended, non-inverting input and cannot accept
differential signals without additional circuitry added at
the front end. Also, the carrier-based approach con-
stitutes a sampled data system and overall amplifier
bandwidth is limited to a small fraction of the carrier fre-
quency. Carrier frequency, in turn, is restricted by AC

r-
INPUT I

CHOPPERI
SWITCH

INPUT~

amplifier gain-phase limitations and errors induced by
switch response time. Maintaining good DC performance
involves keeping the effects of these considerations small
and carrier frequencies are usually in the low kilohertz
range, dictating low overall bandwidth.

The classic chopper-stabilized amplifier solves the chop-
per amplifier's low bandwidth problem. It uses a parallel
path approach (Figure B2) to provide wider bandwidth
while maintaining good DC characteristics. The stabiliz-
ing amplifier, a chopper type, biases the fast amplifier's
positive terminal to force the summing point to zero. Fast
signals directly drive the AC amplifier, while slow ones
are handled by the stabilizing chopper amplifier. The low
frequency cut-off of the fast amplifier must coincide with
the high frequency roll-off of the stabilizing amplifier to
achieve smooth overall gain-frequency characteristics.
With proper design, the chopper-stabilized approach
yields bandwidths of several megahertz with the low drift
characteristic of the chopper amplifier. Unfortunately,
because the stabilizing amplifier controls the fast ampli-
fier's positive terminal, the classic chopper-stabilized ap-
proach is restricted to inverting operation only.

The LTC1052 uses a different approach which permits
full differential input operation, good bandwidth and re-
tains ultra-low drift. It relies on an auto-zero technique.

During the LTC1052's auto-zero cycle, the inputs are
shorted together and a feedback path is closed around

STABILIZING
AMPliFIER

(SIMIlAR TO CHOPPERAMPliFIER
OF FIGURE B I)
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the input stage to null Its offset. Switch S2 (Figure B3)
and capacitor CEXTA act as a sample and hold to store
the nulling voltage during the sampling cycle.

In the sampling cycle, the now almost ideal amplifier is
used to amplify the differential input voltage. Switch S2
connects the amplified input voltage to CEXTB and the
output gain stage. CEXTBand S2 act as a sample and
hold to store the amplified input signal during the auto-
zero cycle. By switching between these two states at a
frequency much higher than the signal frequency, a con-
tinuous output results.

Notice that during the auto-zero cycle the inputs are not
only shorted together, but are also shorted to the negative
input. This forces nulling with the common-mode voltage
present. The same argument applies to power supply
variations and accounts for the extremely good CMRR
and PSRR specifications on the LTC1052.

The complete amplifier contains stabilizing elements,
feed-forward for high frequency signals, and anti-alias-
ing circuitry, but the superior DC performance is com-
pletely described by this simple loop.
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Methods for Measuring Op Amp Settling Time
Jim Williams

Servo, DAC and data acquisition amplifiers all require
good dynamic response. In particular, the time required
for an amplifier to settle to final value after an input step is
especially important. This specification allows setting a
circuit's timing margins with confidence that the data
produced is accurate. The settling time is the total length
of time from input step application until the amplifier re-
mains within a specified error band around the final
value.

Figure 1 shows one way to measure amplifier settling
time (see References 1, 2, and 3). The circuit uses the
"false sum node" technique. The resistors and amplifier
form a bridge-type network. Assuming ideal resistors,
the amplifier output will step to - VIN when an input
pulse is applied. During slew, the oscilloscope probe is
bounded by the diodes, limiting voltage excursion. When
settling occurs, the oscilloscope probe voltage should be
zero. Note that the resistor divider's attenuation means
the probe's output will be one-half of the actual settled
voltage.

In theory, this circuit allows settling to be observed to
small amplitudes. In practice, it cannot be relied upon to
produce useful measurements. Several flaws exist. The
circuit requires the input pulse to have a flat top within the

required measurement limits. Typically, settling within
1OmV or less for a 1OVstep is of interest. No general pur-
pose pulse generator is meant to hold output amplitude
and noise within these limits. Generator output-caused
aberrations appearing at the oscilloscope probe will be in-
distinguishable from amplifier output movement, produc-
ing unreliable results. The oscilloscope connection
presents additional problems. As probe capacitance
rises, AC loading of the resistor junction will influence
observed settling waveforms. The 20pF probe shown
alleviates this problem but its 10X attenuation sacrifices
oscilloscope gain. 1X probes are not suitable because of
their excessive input capacitance. An active 1X FET
probe will work, but another issue remains.

The clamp diodes at the probe point are intended to
reduce swing during amplifier slewing, preventing ex-
cessive oscilloscope overdrive. Unfortunately, oscillo-
scope overdrive recovery characteristics vary widely
among different types and are not usually specified. The
diodes' 600mV drop means the oscilloscope may see an
unacceptable overload, bringing displayed results into
question (for a discussion of oscilloscope overdrive con-
siderations, see Box Section A, "Evaluating Oscilloscope
Overload Response").

SCOPE VERTICAL 1mV I DlV
V VIN-VOUT
ERROR=-2-
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Figure 2 shows a practical settling time test circuit which
addresses the problems discussed. Combined with a
careful evaluation of the test oscilloscope used, it permits
reliable settling time measurements in the 0.1 % to
0.01 % region. The input pulse does not drive the ampli-
fier, but switches a Schottky bridge via a clamp. The
bridge is biased from two low noise LT1021-10V refer-
ences. Depending on input pulse polarity, current flows
through the appropriate 10k resistor to bias the
amplifier's summing point. The bridge switches cleanly
and quickly, producing a flat-topped current pulse into
the AUT. The circuit's input pulse characteristics do not
influence the measurement. A second clamp-bridge ar-
rangement supplies an opposite polarity signal which is
nulled against the amplifier's output at point B. Schottky

TIl
INPUT
PULSE

'='T
'=' -15V

clamp diodes limit this point's voltage excursion to
±300mV.

The 01-05 configuration forms a low input capacitance,
high speed buffer to drive the oscilloscope. 01A's 1-2pF
input capacitance provides very light AC loading, elimi-
nating probe-caused problems. 01 B, running as a cur-
rent sink, compensates 01A's VGSdrop. 02-05 form a
complementary emitter-follower which can drive sub-
stantial cable capacitance without distortion.

The circuit should be built on a ground planed board with
particular care taken to ensure low stray capacitance at
points A and B. The AUT socket should be selected for short
pin lengths. Very high speed amplifiers (tSETTLE< 200ns)
should be directly soldered into the circuit.

USE GROUND PLANE.
BYPASS SUPPLIES AT

AMPLIFIER UNDER TEST
AND OUTPUT STAGE.

MINIMIZE STRAY
CAPACITANCE AT POINTS
A AND B.

All -tf = HP5082-2810

30
SETIlE
OUTPUT
(TO OSCillOSCOPE)

30



This circuit, combined with a judiciously chosen oscillo-
scope, allows observation of amplifier settling to a millivolt
(0.01 %) for a 10V step. A good way to gain confidence in
the circuit is to test a very fast UHF amplifier. Figure 3 shows
response for an amplifier (Teledyne Philbrick 1435) speci-
fied to settle in 70ns within a millivolt for a 1OVstep. Trace A
is the input pulse, Trace B is the amplifier output and Trace C
is the settle signal. Settling occurs inside 70ns, indicating
good agreement between the circuit and the AUT specifica-
tion. Since most amplifiers are not nearly this fast, it is
reasonable to assume that the circuit will always provide
reliable results.

Because this circuit works by nulling opposite polarity
sources, it seems unable to test followers-but it can.
The AUT is battery-powered and completely floated from
the circuit's power supply (Figure 4). The AUT output is
connected to circuit ground and the battery center tap
becomes the output. The positive input is driven from the
Schottky bridge. The floating power supply lets the fol-
lower fool the circuit into thinking it is testing an inverter.
The AUT's output appears inverted, but this is not a
significant penalty.
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To calibrate this circuit, ground point B and adjust the
•'zero trim" for OVoutput. Next, temporarily tie the pulse
input to + 15V through 6800 and adjust the" null trim"
for OV output. Remove the 6800 resistor and the circuit is
ready for use. When measuring settling times remember
to experiment with the value of CF to obtain best perform-
ance (see Box Section B, "Amplifier Compensation").

In the past, amplifier settling measurements below 1mV
were not required. Recently, 16-bit and 18-bit D- A con-
verters have become relatively common, requiring users
to consider sub-millivolt settling time performance. Also,
the offset specifications of current generation monolithic
amplifiers are good enough to make very high precision
settling time data worthwhile. Previously, being able to
see an amplifier settle within 50p.V wasn't interesting
because its thermal drift swamped this figure.

The newer amplifier's substantially lower drift means
very high precision settling time measurement data is
useful. Figure 2's circuit is limited to 0.01 % (1mV out of
10V) resolution by the 300mV Schottky clamp potential at
point B. Simply increasing oscilloscope gain to get higher
resolution will not work because of severe overload prob-
lems. With the oscilloscope set at 50p.V/ division, the

500
SKEW 810
COMP

Schottky bound allows a 6000:1 overdrive. This is much
more than any vertical amplifier is designed to accommo-
date. The oscilloscope's overload recovery will completely
dominate the observed waveform and all measurements will
be meaningless.

One way to obtain higher precision settling time measure-
ments is to clip the incoming waveform in time, as well as
amplitude. If the oscilloscope is prevented from seeing
the waveform until settling is nearly complete, overload is
avoided. Doing this requires placing a switch at the settle
circuit's output and controlling it with an input-triggered,
variable delay. FET switches are not suitable because of
their gate-source capacitance. This capacitance will allow
gate drive artifacts to corrupt the oscilloscope display,
producing confusing readings. In the worst case, gate
drive transients will be large enough to induce overload,
defeating the switch's purpose.

Figure 5 shows a way to implement the switch which
largely eliminates these problems. This circuit, con-
nected to the basic settle circuit of Figure 2, allows set-
tling within 1Op.Vto be observed. The Schottky sampling
bridge is the actual switch. The bridge's inherent
balance, combined with matched diodes and very high

TO
SEnLE
OUTPUT

30
SAMPLED
OUTPUT
TO OSCILLOSCOPE

30

-tf ~HP5081-1810

USE GROUND PLANE
• MATCH DIDOE fORWARD DROP
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speed complementary bridge switching, yields a clean,
switched output. An output buffer stage, identical to the
one used in Figure 2, unloads the bridge and drives the
oscilloscope.

The complementary bridge switching drive is supplied from
the Q1-Q2 and Q3-Q4 level shifters. Each circuit converts
the delay one-shot's TIL output to ± 5V levels. The iden-
tical stages are comprised of an emitter-switched current
source feeding a Baker-clamped common emitter output.
Feedforward capacitance to the output transistor aids speed
and overall delays are about 3ns. The level shifters must
switch simultaneously to minimize drive-induced disturb-
ances in the bridge's output. The "skew compensation"
trims permit very small phasing adjustments in each level
shifter, compensating skew in the 74123 one-shot's out-
puts. Totrim this circuit, ground the bridge input and pulse
the 74123's C1 input. Next, set the oscilloscope to
100/LVI division and adjust the skew trims for minimum in-
dication on the screen. Connect the bridge input back to the
settle circuit's output and the circuit is ready for use.

Construction of this circuit requires care. A ground plane
is mandatory and all bridge connections should be as

short and symmetrical as possible. To maintain low noise,
the bridge's output ground return should be routed away
from high current returns such as the 74123's ground
pin.

This switch circuit, carefully constructed and used with
the basic settle circuit, provides good results. Figure 6
shows an LT1001 precision op amp as the AUT. Trace A is
the input pulse, while Trace B is the AUT output. During
the AUT's slewing period the 74123 is fired (Trace C is
Q), turning off the bridge. The bridge input appears in
Trace D. The 74123 delay is adjusted so the bridge is
switched when settling is nearly complete. Trace E is the
circuit's final output, showing settling details at
100/LV/division. The narrow peaking at the waveform's
leading edge is due to switching residue. Figure 7 lists
measured settling times to 50/LV (0.0005% of a 10V
step) for a group of precision amplifiers.

Some poorly designed amplifiers exhibit a substantial
"thermal tail" after responding to an input step. This
phenomenon, due to die heating, can cause the output to
wander outside desired limits long after settling has ap-
parently occurred. After checking settling at high speed it

A= lOV/DIV

B=10V/DIV

C=10V/DIV

D=1V/DIV

Amplifier Settling Time Remarks
LT1001 65!,s

Ln007 18/'s
LT1008 65/'s Standard Compensation

LT1 008 35/'s Feedforward Compensation

LT1012 70/,s
LT1055 6/'s
LT1056 5/'s
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is always a good idea to slow the oscilloscope sweep
down and look for thermal tails. Often the thermal tail's
effect can be accentuated by loading the amplifier's out-

put. Figure 8 shows the thermal tail of an amplifier which
appears to have settled in a much shorter time than it
actually has.

Analog Devices AD544 Data Sheet, "Settling Time Test
Circuit. "
National Semiconductor, LF355/356/357 Data Sheet,
"Settling Time Test Circuit."
Precision Monolithics, Inc., OP-16 Data Sheet, "Settling
Time Test Circuit. "

R. Demrow, "Settling Time of Operational Amplifiers,"
Analog Dialogue, volume 4-1, 1970 (Analog Devices).
R. A. Pease, "The Subtleties of Settling Time," The New
Lightning Empiricist, June 1971, Teledyne Philbrick.
W. Travis, "Settling Time Measurement Using Delayed
Switch," Private Communication.

Evaluating Oscilloscope Overload Performance

Settling time measu rement relies heavily on the oscillo- approached with caution. Nevertheless, a simple test can
scope used. In many cases the oscilloscope is required to indicate when the oscilloscope is being deleteriously af-
supply an accurate waveform after the display has been fected by overdrive.
driven off screen. How long must one wait after an over-
load before the display can be taken seriously? The an- The waveform to be expanded is placed on the screen at a
swer to this question is quite complex. Factors involved vertical sensitivity which eliminates all off-screen activity.
include the degree of overload, its duty cycle, its magni- Figure A 1 shows the display. The lower right hand portion
tude in time and amplitude and other considerations. is to be expanded. Increasing the vertical sensitivity by a
Oscilloscope response to overload varies widely between factor of two (Figure A2) drives the waveform off-screen,
types and markedly different behavior can be observed in but the remaining display appears reasonable. Amplitude
any individual instrument. For example, the recovery has doubled and waveshape is consistent with the origi-
time for a 100X overload at 0.005V/division may be very nal display. Looking carefully, it is possible to see small
different than at O.W / division. The recovery characteris- amplitude information presented as a dip in the waveform
tic may also vary with waveform shape, DC content and at about the third vertical division. Some small disturb-
repetition rate. With so many variables, it is clear that anees are also visible. This observed expansion of the
measurements involving oscilloscope overload must be original waveform is believable. In Figure A3, gain has

AN 10-6 ..L7~
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been further increased, and all the features of Figure A2 confirm that this waveform is being influenced by over-
are amplified accordingly. The basic waveshape appears loading. In Figure A5 the gain remains the same but the
clearer and the dip and small disturbances are also easier vertical position knob has been used to reposition the
to see. No new waveform characteristics are observed. display at the screen's bottom. This shifts the oscillo-
Figure A4 brings some unpleasant surprises. This in- scope's DCoperating point which, under normal circum-
crease in gain causes definite distortion. The initial stances, should not affect the displayed waveform.
negative-going peak, although larger, has a different Instead, a marked shift in waveform amplitude and
shape. Its bottom appears less broad than in Figure A3. outline occurs. Repositioning the waveform to the
Additionally, the peak's positive recovery is shaped screen's top produces a differently distorted waveform
slightly differently. A new rippling disturbance is visible in (Figure A6). It is obvious that for this particular
the center of the screen. This kind of change indicates waveform, accurate results cannot be obtained at this
that the oscilloscope is having trouble. A further test can gain.

Figures A1-A6. The Overdrive Limit is Determined by Progressively Increasing Oscilloscope Gain
and Watching for Waveform Aberrations



Amplifier Compensation
To get the best possible settling time from any amplifier,
the feedback capacitor, CF, should be carefully chosen.
CF'S purpose is to roll off amplifier gain at the frequency
which permits best dynamic response. The optimum
value for CF will depend on the feedback resistor's value
and the characteristics of the source. One of the most
common sources is also one of the most difficult. Digital-
to-analog converters' current outputs must often be con-
verted to a voltage. Although an op amp can easily do
this, care is required to obtain good dynamic perform-
ance. A fast DAC can settle to 0.01 % in 200ns but its out-
put also includes a parasitic capacitance term, making
the amplifier's job more difficult. Normally, the DAC's
current output is unloaded directly into the amplifier's
summing junction, placing the parasitic capacitance from
ground to the amplifier's input. The capacitance in-
troduces feedback phase shift at high frequencies, forc-
ing the amplifier to "hunt" and ring about the final value
before settling. Different DACs have different values of
output capacitance. CMOS DACs have the highest output

capacitance and it varies with code. Bipolar DACs typi·
cally have 20pF-30pF of capacitance, stable over all
codes. Because of their output capacitance, DACs furnish
an instructive example in amplifier compensation. In
practice, the Schottky bridge which feeds the AUT in the
settle circUIt is replaced with the DAC to be used.
Depending on DAC input coding, it may be necessary to
use inverters in the DAC input lines to maintain circuit
nulling action. Figure B1 shows the response of an in·
dustry standard DAC-80 type and an LT1023 op amp
which is optimized for inverting applications. Trace A is
the input, while Traces Band C are the amplifier and settle
outputs, respectively. In this example no compensation
capacitor is used and the amplifier rings badly before set-
tling. In B2, an 82pF unit stops the ringing and settling
time goes down to 4¢>. The overdamped response means
that CF dominates the capacitance at the AUT's input and
stability is assured. If fastest response is desired, CF
must be reduced. B3 shows critically damped behavior
obtained with a 22pF unit. The settling time of 2¢> is the
best obtainable for this DAC-amplifier combination.

l,oSIOIV
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Designing Linear Circuits for 5V Operation

In predominantly digital systems it is often necessary to
include linear circuit functions. Traditionally, separate
power supplies have been used to run the linear compo-
nents (see Box, "Linear Power Supplies-Past, Present,
and Future").

Recently, there has been increasing interest in powering
linear circuits directly from the 5V logic rail. The logic rail
is a difficult place for analog components to function. The
high amplitude broadband current and voltage noise
generated by logic clocking makes analog circuit oper-
ation difficult. (SeeBox, "Using Logic Supplies for Linear
Functions".)

Generally speaking, analog circuitry which must achieve
very high performance levels should be driven from ded-
icated supplies. The difficulties encountered in maintain-
ing the lowest possible levels of noise and drift in an
analog system are challenging enough without contend-
ing with a digitally corrupted power supply.

Many analog applications, however, can be successfully
implemented using the logic supply. Combining compo-
nents intended to provide high performance from the log-

ic rail with good design can give excellent results (see
Box, "High Performance, Single Supply Analog Building
Blocks"). Theexamples which follow show this in a variety
of precision measurement and control circuits which func-
tion from a 5V supply.

Linearized RTD Signal Conditioner

Figure 1 shows a circuit which provides complete,
linearized signal conditioning for a platinum RTD. One
side of the RTD sensor is grounded, often desirable for
noise considerations. The 01-02 current source is refer-
enced to A1's output. A1's operating point is primarily
fixed by the 2.5VLT1009voltage reference. The RTD'scon·
stant current forces the voltage across it to vary with its
resistance, which has a nearly linear positive temperature
coefficient. The non-linearity causes several degrees of
error over the circuit's O°C-400oC operating range. A2
amplifies Rp's output, while simultaneously supplying
non·linearity correction. The correction is implemented by
feeding a portion of A2's output back to A1's input via the
10k-250k divider. This causes the 01·02 current source

RATiOMETRIC OUTPUT
FOR A-O
CONVERTER

15011

lk
GAIN

3.01k TRIM

':'

+ 5V

LT1009
2.5V

':'
250k

OUTPUT
o - 4V~
o - 400·C
± O.05·C

01-02 ~2N4250
Rp =ROSEMOUNT-118MF-l0011
~ = TRW-MAR-6

• ~ =5% CARBON
RATIO MATCH 2M-200k±O.Ol%
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output to shift with Rp's operating point, compensating
sensor non·linearity to within ± 0,05°C. A3, also refer·
enced to the LT1004, voltage sums an offsetting signal at
A2's negative input, allowing O°C to equal OV at A2's out·
put. The resistive divider in M's input line sets circuit
gain, and the circuit's output is taken at M,

To calibrate this circuit, substitute a precision decade box
(e.g., General Radio 1432K) for Rp. Set the box to O°C value
(100.0011)and adjust the zero trim for a O.OVoutput. Next,
set the decade box for a 140°C output (154.2611)and adjust
the gain trim for a 1,400V output reading, Finally, set the
box to 400°C (249.011)and trim the linearity adjustment for
a 4.000V output. Repeat this sequence until all three
points are fixed, Total error over the entire range will be
within ± 0.05°C. The resistance values given are for a
nominal 100.0011(O°C) sensor. Sensors deviating from this
nominal value can be used by factoring in the deviation
from 100,0011.This deviation, which is manufacturer-speci·
fied for each individual sensor, is an offset term due to
winding tolerances during fabrication of the RTD. The gain
slope of the platinum is primarily fixed by the purity of the
material and is a very small error term.

Linearized Output Methane Detector

Figure 2 is another 5V·powered transducer circuit. Like the
platinum RTD example, this circuit linearizes the trans·
ducer's output, but it performs a more complex mathemat·
ical operation. The circuit's frequency output is directly
proportional to the methane concentration detected by
the transducer specified. Figure 3 shows that the trans·
ducers output varies as;

The circuit linearizes this function and its frequency out·
put is also plotted.

The sensor's resistance vs methane concentration is con·
verted to a voltage by A1. The LT1034 serves as a
reference. A1's output feeds A2. The exponential relation-
ship between VSE and collector current in transistors is

utilized to generate a current in 03's collector proportional
to the square of A2's input current. This operation com·
pensates the sensor's square root term. 03's collector cur·
rent sets the operating point of the A3·M oscillator. A3, an
integrator, generates a positive going linear ramp (Trace A,
Figure 4). The ramp is compared with 03's current at A4's
summing point (Trace B). M is configured as a current
summing comparator. The feedback diode·bound network
minimizes delay due to output slew time. When the ramp
forces the summing point positive, M's output (Trace C)
swings negative, CMOS inverter A (Trace D) goes high,
turning on the CD4016 switch to reset the A3 integrator. Si·
multaneously, inverter B goes low (Trace E), supplying AC
positive feedback to M's "+" input (Trace F), When the
positive feedback decays, M's output goes high, A3 be·
gins to integrate, and the entire cycle repeats. 03's collec·
tor current determines how long A3's ramp runs before A4
resets it. The ramp time is directly proportional to 03's
collector current, meaning that oscillation frequency is in·
versely (1/X) related to the current. The overall circuit
transfer function is;

1
X2

This linearizes the sensor's output. In practice, the
sensor's response slightly deviates from the equation
shown, actually being;

1.9
v--C-o-n-ce-n-tra-t-io-n ---

The reset time constants at A4's input introduce enough
oscillator "dead time" to partially compensate for the de·
viation, The dead time's frequency retarding characteris-
tic effects the oscillator's high frequency range, providing
a first order correction. The overall linearization achieved
is within the sensor's manufacturing tolerances. The
slight "bump" in the circuit's response curve is due to the
mismatch between the sensors term and the circuits X2
function.
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SENSOR=CALECTRO-GC ELECTRONICS #J4-807 OR FIGARO #813

-.r ~1N4148

Q1-Q4 ~CA3046 ARRAY
A1-A4~LT1014 QUAD, RUN -! PIN TO LTC1044-V OUTPUT

·1 % METAL FILM RESISTOR
INVERTERS = 74CD4

12k

10k

§:
w 8kuz

~
6k~

'"5l 4k~
</>

2k

A =200mV/DIV

B =5V/DIV

C =2V/DIV

D ~20V/DIV
E =20V/DIV
F =1DV/DIV
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The dead time correction in the oscillator smoothes this
error out above 4000ppm. The LTC1044 voltage converter
generates a negative supply directly from the 5V rail. This
approach provides necessary negative circuit potentials
while maintaining compatibility with 5V-supply-only
operation. The sensor's heater is powered directly from
the 5V rail, as specified by the manufacturer. To calibrate
the circuit, place the sensor in a 1000ppm methane envi-
ronment and adjust the 5k trim for a 100Hz output. Accura-
cy from 500ppm to 10,000ppm is limited by the sensor's
10% specification.

Cold Junction Compensated Thermocouple Signal
Conditioner
Figure 5 shows a 5V powered, complete thermocouple
signal conditioner. Cold junction compensation is in-
cluded, and the circuit allows one leg of the thermocouple
to be grounded, desirable for noise considerations. The
LTC1043 combines the cold junction network differential
output with the grounded thermocouple's signal at the
LTC1052. The LTC1052 provides stable, low drift gain. To
enable swing all the way to ground, the LTC1043's other
switch section generates a small negative potential. This
allows the LTC1052 output stage to run Class A for small
outputs, permitting swing to OV.The table gives proper val-
ues for R1 for various thermocouples. Output scaling may
be set by RF/RI to whatever slope is desirable. Cold junc-
tion compensation holds within ± 1°C over OOC-60°C.

5V Powered Precision Instrumentation Amplifier
Many transducer outputs require a true differential input
"instrumentation" type amplifier. Transducers with single
ended outputs do not, in theory, require a differential input
amplifier but common-mode noise often exceeds the
signal of interest. For these reasons, transducer systems
often employ these type amplifiers.

No commercially manufactured instrumentation amplifier
will function from a 5V supply and achieving good preci-
sion in a design is difficult. The circuits in Figure 6 meet
these requirements. They also feature input protection,
filtering capability and a shield driving output.

In Figure 6A, A1, A2 and A3 accomplish the differential-in-
put-to-single-ended-output conversion, with Rg setting
gain. The LT1014's high open loop gain permits accurate
circuit gain. Offset and drift performance allows use with
low level transducers such as thermocouples and strain
gauges. The 100kO-1JLFcombination filters noise and 60Hz
pickup; the amplifier is never exposed to high frequency
common-mode noise. The transistor-diode clamps com-
bine with the 100kO resistors to prevent high voltage
spikes or faults (common in industrial environments) from
damaging the amplifiers. A4 is used as a shield driver to
reduce the effects of input cable capacitance. It drives the
shield at the input common-mode voltage, which is de-
rived from the input amplifier's output. Performance
characteristics are summarized in the table.

Figure 6B achieves greater DC precision at the expense of
bandwidth. Here, the LTC1043 switched capacitor building
block alternately commutates a 1JLFcapacitor between
the circuit input and the LTC1052's input. This stage, ac-
complishing a differential-to-single-end transition, allows
the chopper stabilized LTC1052 to take a ground referred
measurement. The LTC1043's other switch stage gener-
ates a small negative potential, allowing the LTC1052 out-
put to swing all the way to OV. DC precision is excellent,
surpassing all monolithic ± 15V instrumentation amps, al-
though bandwidth is limited to 10Hz. The LTC1043's
switching action, set at about 400Hz by the 0.01JLFvalue,
forms a low pass filter. This permits extremely high rejec-
tion of noise, allowing the CMRR to remain above 120dB at
20kHz. Overall performance is summarized in the table.
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THERMOCOUPLE R1
TYPE

J 232k
K 301k
T 301k
S 2.1M
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I
I
I
I
I

, YELLOW SPRINGS INST. CO.
PART #44007

"CHOOSE CF TO FILTER NOISE
""LT1025 CAN BE USED FOR COLD

JUNCTION COMPENSATION
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5V Powered Strain Gauge Signal Conditions

Figure 7 shows an unusual approach to signal condition-
ing the bridge output of a strain gauge pressure transduc-
er. The 5V circuit needs only two amplifiers and provides
an auxiliary ratio output for a monitoring A- D converter.
The design functions by converting the bridges differen-
tial output into a ground referred single ended signal
which is then amplified. This approach eliminates com-
mon-mode errors by eliminating the bridge's common-
mode output component. Additionally, the number of
precision resistors required is minimized and no matching
is required.

A 1 biases the LTC1044 positive-to-negative converter. The
LTC1044's output pulls the bridge's output negative, caus-
ing A 1's input to balance at OV.This local loop permits a
single-ended amplifier (A2) to extract the bridge's output
signal. The 100k-0.33/lF RC filter's noise and A2's gain is
set to provide the desired output scale factor. Because
bridge drive is derived from the LT1034 reference, A2's out-
put is not affected by supply shifts. The LT1034's output is

available for ratio operation. To calibrate this circuit, apply
or electrically simulate Opsi and trim the zero adjustment
for OV output. Next, apply or electrically simulate 350psi
and trim gain for 3.500V out. Repeat these adjustments un-
til both points are fixed.

"Tach less" Motor Speed Controller

Figure 8 shows a way to servo control the speed of a DC
motor. This circuit is particularly applicable to digitally
controlled systems in robotic and X-Y positioning applica-
tions. By functioning from the 5V logic supply it eliminates
additional motor drive supplies. The "tach less" feedback
saves additional space and cost. The circuit senses the
motor's back EMF to determine its speed. The difference
between the speed and a setpoint is used to close a sam-
pled loop around the motor. Because no commercially
available sample-hold circuit will run from a 5V supply,
special techniques are required.

1.2V REFERENCE OUTPUT
TO A - 0 CONVERTER
FOR RATIOMETRIC
OPERATION. 0.1mA MAXIMUM

OUTPUT
0-3.5 VOLTS =
0-350 PSI

-1 % FILM RESISTOR
PRESSURE TRANSOUCER-BLH/OHF-350
CIRCLED LETTER IS PIN NUMBER
Z'N=350fl
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MOTOR = CANON·FN30-R13NIB
NPN~ 2N3904
PNP~ 2N5023

A 1 generates a pulse train (Trace A, Figure 9). When A1's
output is high, 01 is biased and 03 drives the motor's un·
grounded terminal (Trace B). When A 1 goes low, 03 turns
off and the motor's back EMF appears after the inductive
flyback ceases. During this period, S1's input (Trace C) is
turned on, and the 0.047 capacitor acquires the back
EMF's value. A2 compares this value with the setpoint and
the amplified difference (Trace D)changes A 1's duty cycle,
controlling motor speed. A2 has the desirable characteris·
tic of assuming unity gain in the absence of a feedback
signal. Start·up or input overdrive cannot force servo lock-
up due to loss of sampling action. The loop is self·restor·
ing and will establish control when abnormal conditions
cease.

Drive to S1's control input must be carefully controlled for
proper operation. 02 prevents the switch from closing un-
til the negative going flyback interval is over and the
0.068/!F capacitor slows the switches turn-on edge. These
measures ensure clean back EMF acquisition in the
0.047/!F unit. 02's collector line diodes compensate the
motor's clamp diode drop, preventing destructive nega·
tive voltages at S1. The circuit controls from 20rpm to full
speed with good transient response under all shaft loads.
The gain and roll·off terms in A2's feedback loop are opti-
mal for the motor listed, and should be reestablished for
other types.
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4-20mA Current Loop Transmitter

Transmission of industry standard 4-20mA current loop
signals to valves and other actuators is a common require-
ment. Resistive line losses and actuator impedances
require current transmitters to be able to force a compli-
ance voltage of at least 20V. Because of this, 5V powered
systems usually cannot meet current loop transmitter re-
quirements, but Figure 10 shows a way to do this. This 5V
powered circuit utilizes a servo controlled DC-DC convert-
er to generate the compliance voltage necessary for loop
current requirements. It will drive 4-20mA into loads as
high as 22000 (44Vcompliance) and is inherently short cir-
cuit protected. The circuit's input is applied to A2, whose
output biases A1's "+" input via the offsetting network.
A1's output goes high, biasing 04 to turn on 03. 03's col-
lector drives the T1-01-02 DC-DC converter, which is
clocked by the RC-gate oscillator. T1 furnishes voltage

step-up and the rectified and filtered secondary current
flows through the 1000 resistor and the load. A1's negative
input measures the voltage across the 1000 resistor, com-
pleting a current control loop around T1. The 0.33JiF
capacitor furnishes stable loop roll-off and the 100pF unit
suppresses local oscillation at 04. Within the compliance
limit, A1 maintains constant output current, regardless of
load impedance shifts or supply changes. To calibrate this
circuit, short the output, apply OVto the input and adjust
the "4mA trim" for 0.3996V across the 1000 resistor. Next,
shift the input to 4.000V and trim the 20mA adjustment for
1.998Vacross the 1000 resistor. Repeat this procedure un-
til both points are fixed. The gain trim network shunting
the 1000 resistor necessitates the odd voltage trim target
values, but output current swings between 4.000mA and
20.00mA.

*1%FILM
uO.Ol% RESISTOR

PNP= 2N2905
NPN= 2N2222

T1= PICO-31080-£>0- = 74C04

4-20mA OUT
TO LOAO
2.2kn MAXIMUM
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Figure 11 details modifications which permit the circuit's
output current to galvanically float. This is often useful in
industrial situations where the output lines may be ex-
posed to common-mode voltages or high voltage fault
conditions. The transformer's primary current, which
theoretically reflects current delivered by the secondary,
is sensed across a shunt and fed back via A2. In practice,

current control precision is limited by non·ideal trans-
former behavior to about 1%. Common-mode voltage is
limited by T1's 300Vbreakdown.

Fully Isolated Limit Comparator
Figure 12's 5V powered circuit performs a fully isolated
limit comparison on low level signals. It produces a digital

}
4-20mA OUT
FULLY FLOATING

ISOLATED
VOLTAGE +

INPUT

500,.5
INPUT
INTERROGATION
PULSE

,h - FLOATING COMMON

-:!- - GROUND

GATE- 74C02
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output indicating if the input is above or below a preset
limit. This circuit is ideal for process control applications
where transducers operate at high common-mode volt·
ages or where large ground loops exist. An uncommitted
gain·of·100 amplifier allows thermocouples and other low
level sources to be used with the circuit. The circuit func-
tions by echoing an interrogation pulse if the input is
above a preset level. If the input is below this level, no
echo pulse occurs. A transformer is used to allow a two-
way, galvanically isolated signal path and the energy
contained in the interrogation pulse powers the circuit's
floating elements. Figure 13 shows operating waveforms
for the "above limit" case. When an input interrogation
pulse is applied, 01's collector drives the transformer
primary (Figure 13, Trace A). Energy is transferred to the
transformer's secondary and stored in the 100jLFcapac·
itor. The charge in the capacitor powers the isolated cir-
cuitry (" + ISOL" potential indicated in Figure 12). If low

power dual comparator C2's output is low, 03 biases and
drives current into the transformer secondary (Trace B).
This is reflected in the transformer's primary (TraceC). 02
and the associated gate circuitry form a demodulator
which produces an output pulse (Trace D). If C2's output
had been high (below limit set), the transformer would
have received no secondary drive and there would be no
output pulse. The demodulator is designed so that nothing
appears on the output line unless the circuit is above the
preset limit.

Comparator C1's output damper network allows it to func·
tion as an op amp for low level signals. This circuit easily
extracts millivolt signals buried in high common·mode
voltage or ground noise and delivers its limit decision to
the output. The maximum common·mode voltage is lim··
ited by the transformer's 500Vbreakdown.
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Fully Isolated 10 Bit A- 0 Converter

Figure 14's 5V powered circuit is a complete 10 bit A-D
converter which is fully floating from system ground. It is
ideal for performing 10 bit A-D conversions in the face of
the high common·mode noise characteristics of predom·

inantly digital systems. It is also useful in industrial envi·
ronments, where noise and high common-mode voltages
are present in transducer fed systems.

100~

'\7 + ISOL

+ISOL

T47PF
+5V m

3k

OATA
OUTPUT

04
2N3904

+";J; l00flF



Circuit operation is initiated by applying a pulse to the
"convert command" input (TraceA, Figure 15).This pulse
appears at the transformer secondary and charges the
100/LFcapacitor. This potential is used to supply power to
the floating A-D conversion circuitry. The transformer's
secondary pulse biases the inverter-open drain buffer
combination to discharge the 4/LFcapacitor (Trace B).The
secondary pulse also biases a diode to stop the C1B 3kHz
oscillator output (Trace D). Concurrently, C1A goes high,
forcing the inverter in its output line low (Trace C). When
the convert command pulse ceases, the 01·02 current
source charges the 4/LFcapacitor with a linear ramp. The
C1B oscillator now runs. When the ramp crosses the input
voltage's value, C1A's output switches and its output line
inverter (TraceC) goes high, culling off the oscillator. The
number of oscillator pulses occurring during this interval

is proportional to the input voltage value. These pulses are
differentiated and fed to 03, which drives the transformer.
The differentiation causes narrow spikes to be fed to the
transformer, easing power drain on the 100/LFenergy stor-
age capacitor. 03's RC base delay and the inverter·buffer
combination at C1B's output prevent 03's emitter pulses
from triggering a ramp reset. The waveforms appearing at
the transformer's input do not reflect the circuit's complex
operation, and easily interface to a digital system. Figure
16,Trace A shows the "convert command" pulse. Trace B
is the transformer primary. The differentiated oscillator
pulses coming from the transformer secondary appear as
small amplitude spikes. In this case, a small voltage is be-
ing converted and the number of pulses is small. Trace C,
the "data output ", is taken at 04's collector, and the
pulses are TTL compatible.

B=2V/DIV

C=5V/DIV

D=10V/DIV
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Several subtle factors contribute to the 10bit performance
of this circuit. The 4700pFand 41lFpolystyrene capacitors
are both -120ppm/oC gain terms. Because of this, their
temperature drift's ratio and overall circuit gain drift is
about 25ppm/oC.The 5 parallel 74C906open drain buffers
provide an effective OV reset for the 41lF capacitor,
minimizing reset offset errors. Parallel inverters in C1B's
output line reduce saturation caused errors, aiding oscilla·
tor stability with shifts in supply and temperature. Finally,

the diode path at Q3's emitter averts a ± 1 count un·
certainty error by synchronizing the oscillator to the con·
version sequence. The 5k potentiometer in the current
source trims calibration to equal 1024 counts out for
3.000Vinput. The transformer used allows the converter to
function at common·mode levels up to 175V.The circuit reo
quires 330ms to complete a 10 bit conversion and drifts
less than 1 LSBover 25°C ± 25°.

Igh Performance Single Supply Analog Building Blocks

wo new components provide the basic building blocks
needed for high performance 5V single supply circuits.
The lT1014 quad op amp, also available as the lT1013
dual, features DC specifications nearly as good as the
best ± 15Vop amps. The LT1017/LT1018series dual com·

LT1014Basic Features

Eos-70/£V
EosATC-2JN/oC
Iblas-15nA
Gain-tO x 1()6
Supply 1-310/LA
Noise-0.1Hz-10Hz-o.55/LVp-p
Common-Mode Range-Ground to fV +) -1.5V
Supply Range-3AV-40V
OutputSwing Noload (V+)-0.6V

(V-)+0.015V
6000 load (V+) -tOY

(V-)+O.005V

parators combine low power and high DC precision with
speed adequate for most applications. To ease single sup-
ply operation, both units' common-mode range includes
ground, and the op amp's output swings nearly to ground.

LT10171LT1018Basic Features

EOS-500/LV
EosaTC-5/LVioC
Ibias-15nA
Gain-1 million
Supply I-LT1017-30/LA, LT1018-110IlA
ResponseTime-6lls (LT1018)
Common-Mode Range- V- to fV +) -O.9V
Supply Range-1.1V-40V
Output Current-65mA pull down-60!£A pull up
Output Stage can pUlldown loads above Vs



Linear Power Supplies-Past, Present, and Future

The amplitude of linear circuitry's power supplies has
been determined by the available technology used for
linear functions.

Probably the first standard linear supply was ± 300V,used
in analog computers. The operating characteristics of
vacuum tubes necessitated high voltages. Additionally,
because analog computers (from which operational ampli·
fiers descended) were mathematical machines, bipolar
supplies were desirable for computational purposes. With
the arrival of solid state linear components in the early
1960's, new supply voltages were necessary and desira·
ble. ± 15V was adapted because of transistor breakdown
limits, as well as the availability of low voltage references
(zener and avalanche diodes). Power and size advantages
afforded by the new supply standard were also obviously
attractive. It is significant that while the supply drop
decreased available dynamic range of operation by over
20dB, the usable signal processing range did not
decrease. This was due to the lower noise and drift of the
solid state components.

The arrival of monolithic linear circuits in the late 1960's
and subsequent design refinements expanded the avail·
able territory at the lower end of the signal processing
range.

Currently available precision linear components and tech·
nology shifts are causing reevaluation of the power supply
issue. In particular, several trends argue for linear func·
tions to be able to operate from the low voltage digital rail.
The increasing digital content of systems makes 5V
compatible linear components attractive. Cost and space
considerations in these systems often make separate
linear supplies undesirable. This situation is not universal,
and never will be, but is increasingly common.

A move to lower voltages for digital circuits, which must
occur, underscores the need for low voltage, high perfor·
mance linear ICs. Drops in digital supply value will be
forced by increasing density requirements, which will
lower IC breakdown limits.

Lower power consumption in systems goes along with
supply voltage and density issues. Increasingly complex
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systems are being put into smaller physical spaces,
necessitating attention to dissipation. In many instances,
portable operation is desirable, so circuitry must be
directly compatible with battery potentials, as well as
lower power. Linear components must not give up perfor·
mance to function in this low voltage, digitally driven
environment. Demands for precision remain high, and low
voltage linear circuits, despite their narrowed dynamic
operating range, must meet these requirements. This Is
not easy, considering that a 12 bit ± 15V system typically
has a 2.5mV/LSBerror budget. At 5V, this number shrinks
to 1mV.To deal with this, design techniques developed for
± 15Vcomponents are being used in new, low voltage ICs
and new approaches will also be employed.

Using Logic Supplies for Linear Functions

The fast clocking and transient high currents characteris·
tic of digital systems make logic supplies an unfriendly
place for linear components to operate. A key to achieving
good results is considering power bus routing as an inte-
gral part of the signal processing chain. The figure shows
that supply rail impedances will cause both DC and AC er·
rors at various points in a system. This is true of any power
distribution scheme, but is especially troublesome in dig·
itally oriented systems, where fast current spiking and
clock harmonics are present. Circuitry located at position
"A" will see appreciable positive rail noise and ground
potential will be corrupted by fast, relatively high currents
returning through conductor impedances. Supply bypass·
ing can reduce positive rail noise, but ground potential un·
certainty can cause unacceptable errors. Locating linear
circuits as shown in "B" reduces both positive and ground
rail problems by eliminating the digitally derived currents.
The linear devices lower operating currents allow lower er·
rors due to supply distribution impedances. Appropriate
bypassing techniques are also shown. LC filters can be
substantially more effective than simple capacitors, espe·
cially in cases where it is not practical to route the positive
rail directly from the supply. RC filtering forces voltage
drop across the resistor, but is often acceptable due to the
linear components low power requirements.
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In many cases it is not possible to arrange a "clean" sup-
ply for the linear components. In such circumstances it
may be possible to synchronize noise sensitive linear cir-
cuit operations to occur between system clock pulses.
This approach utilizes Ihe synchronous nature of most
digital systems and the fact that supply bus disturbances
are often minimized between clock pulses.

POWER!SUPPLY
TERMINALS

Probably the most effective technique for dealing with dig-
ital supply noise is 10 galvanically isolate the linear cir-
cuits from the supply. The most obvious way to do this is
provision of separate power supplies for the linear cir-
cuits, but this is often unacceptable. Instead, transformer
and optical isolation circuit techniques allow logic rail
driven, galvanically isolated circuits (see Figures 11, 12
and 14).
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MORE COMPLEX, BUT
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Circuit Techniques for Clock Sources
Jim Williams
Almost all digital or communication systems require some
form of clock source. Generating accurate and stable
clock signals is often a difficult design problem.

Quartz crystals are the basis for most clock sources. The
combination of high Q, stability vs time and temperature,
and wide available frequency range make crystals a
price-performance bargain. Unfortunately, relatively little
information has appeared on circuitry for crystals and
engineers often view crystal circuitry as a black art, best
left to a few skilled practitioners (see box, "About Quartz
Crystals").

In fact, the highest performance crystal clock circuitry
does demand a variety of complex considerations and
subtle implementation techniques. Most applications,
however, don't require this level of attention and are rela-
tively easy to serve. Figure 1 shows five (5) forms of simple
crystal clocks. Types A through D are commonly referred
to as gate oscillators. Although these types are popular,
they are often associated with tempermental operation,
spurious modes or outright failure to oscillate. The prima-
ry reason for this is the inability to reliably identify the
analog characteristics of the gates used as gain elements.
It is not uncommon in circuits of this type for gates from
different manufacturers to produce markedly different cir-
cuit operation. In other cases, the circuit works, but is in-
fluenced by the status of other gates in the same package.
Other circuits seem to prefer certain gate locations within with 18JlAof base drive a beta of:
the package. In consideration of these difficulties, gate
oscillators are generally not the best possible choice in a
production design; nevertheless, they offer low discrete
component count, are used in a variety of situations, and
bear mention. Figure 1A shows a CMOS Schmitt trigger
biased into its linear region. The capacitor adds phase
shift and the circuit oscillates at the crystal resonant
frequency. Figure 1B shows a similar version for higher
frequencies. The gate gives inverting gain, with the
capacitors providing additional phase shift to produce os-
cillation. In Figure 1C, a TTL gate is used to allow the
10MHz operating frequency. The low input resistance of
TTL elements does not allow the high value, single resis-
tor biasing method. The R-C-R network shown is a replace-
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ment for this function. Figure 1D is a version using two
gates. Such circuits are particularly vulnerable to spurious
operation but are attractive from a component count
standpoint. The two linearly biased gates provide 360 de-
grees of phase shift with the feedback path coming
through the crystal. The capacitor si!T1ply blocks DC in the
gain path. Figure 1E shows a circuit based on discrete
components. Contrasted against the other circuits, it pro-
vides a good example of the design flexibility and cer-
tainty available with components specified in the linear
domain. This circuit will oscillate over a wide range of
crystal frequencies, typically 2MHz to 20M Hz.

The 2.2k and 33k resistors and the diodes compose a
pseudo current source which supplies base drive.

At 25°C the base current is:

1.2V -1VSE -18 A
33k Jl

To saturate the transistor, which would stop the oscillator,
requires VCEto go to near zero. The collector current nec-
essary to do this is:

IC (sa!.) =.2L (delete VCEsat.)
1k

is required.

At 1mA the DC beta spread of 2N3904's is 70 to'" 210.

The transistor should not saturate ... even at supply volt-
ages below 3.0V.

In similar fashion, the effects of temperature may also be
determined.

VSEvs temperature over 25°C - 70°C is:

- 2.2mVfOC x 45° = - 99mV.
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The compliance voltage of the current source will move:

2x -2.2mV/oCx45°C= -198mV.

Hence, a first order compensation occurs:

-198mV - 99mV = - 99mV total shift.

This remaining - 99mV over temperature causes a shift in
base current:

25°C current = 0.6V = 181lA
33k

70°C current = 0.5V = 151lA
33k

18IlA-15IlA=3IlA.

This 31lA shift (about 16%) provides a compensation for
transistor hFE shift with temperature, which moves about
20% from 25°C to 70°C. Thus the circuit's behavior over
temperature is quite predictable. The resistor, diode and
VBE tolerances mean that only first order compensations
for VBEand hFEover temperature are appropriate.

Figure 2 shows another approach. This circuit uses a
standard RC-comparator multivibrator circuit with the

crystal connected directly across the timing capacitor. Be·
cause the free running frequency of the circuit is close to
the crystal's resonance, the crystal "steals" energy from
the RC, forcing it to run at the crystal's frequency. The
crystal activity is readily apparent in Trace A of Figure 3,
which is the LT1011's" -" input. Trace B is the LT1011's
output. In circuits of this type, it is important to ensure
that enough current is available to quickly start the crystal
resonating while, simultaneously, maintaining an RC time
constant of appropriate frequency. Typically, the free run-
ning frequency should be set 5% to 10% above crystal
resonance with a resistor feedback value calculated to al-
low about 100llA into the capacitor-crystal network. This
type of circuit is not recommended for use above a few
hundred kHz because of comparator delays.

50k
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Figures 4A and 4B use another comparator based ap-
proach. In Figure 4A, the LT1016 comparator is set up with
DC negative feedback. The 2k resistors set the common-
mode level at the device's positive input. Without the crys-
tal, the circuit may be considered as a very wideband
(50GHz GBW) unity gain follower biased at 2.5V. With the
crystal inserted, positive feedback occurs and oscillation
commences. Figure 4A is useful with AT-cut fundamental
mode crystals up to 10MHz. Figure 4B is similar, but sup-
ports oscillation frequencies to 25M Hz. Above 10M Hz,
AT-cut crystals operate in overtone mode. Because of this,

2k
1-10MHz CRYSTAL

U

oscillation can occur at multiples of the desired fre-
quency. The damper network rolls off gain at high fre-
quency, insuring proper operation.

All of the preceding circuits will typically provide tempera-
ture coefficients of 1ppm/oC with long term (1 year) stabil-
ity of 5-10ppm. Higher stability is achievable with more
attention to circuit design and control of temperature.
Figure 5 shows a Pierce class circuit with fine frequency
trimming provided by the paralleled fixed and variable
capacitors. The transistor provides 180° of phase shift
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with the loop components adding another 180°, resulting
in oscillation. The LT1005 voltage regulator and the
LT1001op amp are used in a precision temperature servo
to control crystal temperature. The LT1001 extracts the
differential bridge signal and drives the Darlington stage
to power the heater, which is monitored by the thermistor.
In practice, the sensor is tightly coupled to the heater. The
RC feedback values should be optimized for the thermal
characteristics of the oven. In this case, the oven was con-
structed of aluminum tube stock 3" long x 1" wide x 1/8"
thick. The heater windings were distributed around the
cylinder and the assembly placed within a small insulating
dewar flask. This allows 75°C setpoint (the zero TC or
"turnover" temperature of the crystal specified) control of
0.05°C over 0°C-70°C. The Ln005 regulator sources
bridge drive from its auxiliary output and also keeps sys-
tem power off until the crystal'S temperature (hence, its
frequency) is stabilized. When power is applied the nega-
tive TC thermistor is high 1nvalue, causing the LT1001to
saturate positive. This turns on zener-connected 02, bias·
ing 03. 03's collector current pulls the regulator's control
pin low, disabling its output. When the oven arrives at its
control point, the LT1001's output comes out of saturation
and servo controls the oven at a point well below 02's
zener value. This turns off 03, enabling the regulator to
source power to whatever system the clock is associated

with. For the crystal and circuit values specified, this
clock will drift less than 1x 10-9 over 0°C-70°C with a
time drift of 1 part 10-9 week.

The oven approach to removing temperature effects of
crystal clock frequency is the most effective and in wide
use. Ovens do, however, require substantial power and
warm-up time. In some situations, this is unacceptable.
Another approach to offsetting temperature effects is to
measure ambient temperature and insert a scaled com·
pensation factor into the crystal clock's frequency
trimming network. This open loop correction technique reo
lies on matching the clock frequency vs temperature
characteristic, which is quite repeatable. Figure 6 shows a
temperature compensated crystal oscillator (TXCO)which
uses a first order linear fit to correct for temperature. The
oscillator is a Colpitts type, with a capacitive tapped tank
network. The LT319Apicks off the output and the RC net-
work at the LT319A's" -" input provides a signal adaptive
trip threshold. The LT1005 regulator's auxiliary output
buffers supply variations and the main regulator output
control pin allows the system to be shut down without re-
moving power from the oscillator, aiding overall stability.
The ambient temperature is sensed by the linear thermis-
tor network in A1's feedback loop with A2 used for scaling
and offsetting. A2's voltage output expresses the ambient



temperature information required to compensate the
clock. The correction is implemented by biasing the varac-
tor diode (a varactor diode's capacitance varies with re-
verse bias) which is in series with the crystal. The
varactor's shift in capacitance is used to pull the crystal's
frequency in a complementary fashion to the circuit's tem-
perature error. If the thermistor is maintained isothermally
with the circuit, compensation is very effective. Figure 7
shows the results. The - 40ppm frequency shift over
0°C-70°C is corrected to within 2ppm. Better compensa-
tion is achievable by including 2nd and 3rd order terms in
the temperature to voltage conversion to more accurately
complement the non-linear frequency drift characteristic.

Figure 8 is another voltage-varactor tuned circuit but is
configured to allow frequency shift instead of opposing it.
This voltage controlled crystal oscillator (VXCO) has a
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clean 20MHz sine wave output (Figure 9) suitable for com-
munications applications. The curve of Figure 10 shows a
7kHz shift from 20MHz over the 10V tuning range. The
25pF trimmer sets the 20MHz zero bias frequency. In many
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Non-Crystal Clock Circuits

Although crystal based circuits are universally applied,
they cannot serve all clock requirements. As an example,
many systems require a reliable 60Hz line synchronous
clock. Zero crossing detectors or simple voltage level de-
tectors are often employed, but have poor noise rejection
characteristics. The key to achieving a good line clock un-
der adverse conditions is to design a circuit which takes
advantage of the narrow bandwidth of the 60Hz fundamen-
tal. Approaches utilizing wide gain-bandwidth, even if hys-
teresis is applied, invite trouble with noise. Figure 11
shows a line synchronous clock which will not lose lock
under noisy line conditions. The basic RC multivibrator is
tuned to free run near 60Hz, but the AC-line-derived syn-
chronizing input forces the oscillator to lock to the line.
The circuit derives its noise rejection from the integrator
characteristics of the RC network. As Figure 12 shows,
noise and fast spiking on the 60Hz input (Trace A, Figure 12)
has little effect on the capacitor's charging characteris-
tics (Trace B, Figure 12) and the circuit's output (Trace C,
Figure 12) is stable.

Figure 13 is another synchronous clock circuit. In this in-
stance, the circuit output locks at a higher frequency than
the synchronizing input. Circuit operation is the time
domain equivalent of a reset stabilized DC amplifier. The
LT1055 and its associated components form a stable os-
cillator. The LM329 diode bridge and compensating diodes
provide a stable bipolar charging source for the RC lo-
cated at the amplifier's negative input. The synchronizing
pulse (Trace A, Figure 14) is level shifted by the LT1011
comparator to drive the FET. When the synchronizing
pulse appears, the FET turns on, grounding the capacitor
(Trace B, Figure 14). This interrupts normal oscillator ac-
tion, but only for a small fraction of a cycle. When the sync
pulse falls, the capacitor's charge cycle, which has been
reset to OV, starts again. This resetting action forces the
frequency of the RC charging to be synchronous and sta-
bilized by the sync pulse. The only evidence of this opera-
tion at the output is an occasional, slightly enlarged pulse
width (Trace C, Figure 14), which is caused by the syn-
chronizing interval. The sync adjust potentiometer should

60Hz
OUTPUT B = 5V/OIV

10k
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be trimmed so the sync pulse appears when the capacitor
is near OV. This minimizes output waveform width devia·
tion and allows maximum protection against losing lock
due to RC drift over time and temperature. The maximum
practical output frequency to sync frequency ratio is
about 50 x.

Pure RC oscillators are a final form of clock circuit. AI·
though this class of circuit cannot achieve the stability of
a synchronized or crystal based approach, it offers sim·
plicity, economy and direct low frequency output. As such
they are used in baud rate generators and other low fre·
quency applications. The key to designing a stable RC os·
cillator is to make output frequency insensitive to drift in
as many circuit elements as possible. Figure 15 shows an
RC clock circuit which depends primarily on the RC ele·
ments for stability. All other components contribute very
low order error terms, even for substantial shifts. In addi·
tion, the RC components have been chosen for opposing
temperature coefficients, further aiding stability. The cir·
cuit is a standard comparator·multivibrator with parallel
CMOS inverters interposed between the comparator out·
put and the feedback resistors. This replaces the relatively
large and unstable bipolar VCE saturation losses of the

LT1011 output with the superior ON characteristics of
MOS. Not only are the MaS sWitching losses to the rails
low and resistive, but they tend to cancel. The paralleling
of inverters further reduces errors to insignificant levels.
With this arrangement, the charge and discharge time
constant of the capacitor is almost totally immune from
supply and temperature shifts. The 10kO units need not be
precision types, because shifts in them will cancel. In
addition, the effect of the comparator's DC input errors is
also negated because of the symmetrical nature of the os-
cillator. This leaves only the RC network as a significant
error term. The nominal -120ppm/oC temperature coeffi·
cient of the polystyrene capacitor is partially offset by the
opposing positive temperature coefficient designed into
the specified resistor. In practice, only a first order com·
pensation is achievable because of the uncertainty of the
capacitor's exact TC. For the test circuit, O°C-lO°C tem·
perature excursion showed a 15ppm/oC TC with a power
supply rejection factor of less than 20ppmlV. In contrast, a
clock constructed from the popular 555 timer, using the
compensating RC network, showed 95ppm/oC and
1050ppmIV of supply shift. Because of comparator prop·
agation delays, circuits of this type are less stable above a
5kHz-10kHz operating frequency.
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About Quartz Crystals

The frequency stability and repeatability of quartz crystals
represent one of nature's best bargains for the circuit de-
signer. The equivalent circuit of a crystal looks like a
series-parallel combination of elements.

Typical Values:

R= 1000
L=500f.lH
C=0.01pF

Co=5pF
Q=50,000

Co is the static capacitance produced by the contact
wires, crystal electrodes and the crystal holder. The RLC
term is called the motional arm. C is the mechanical mass.
R includes all electrical losses in the crystal and L is the
reactive component of the quartz. Different angles of cut
from the mother crystal produce different electrical char-
acteristics in individual crystals. Cuts can be optimized
for temperature coefficient, frequency range and other
parameters. The basic "AT" cut used in most crystals in
the 1MHz-150MHz range is a good compromise between
temperature coefficient, frequency range, ease of man-
ufacture and other considerations. Other factors affecting

resonator performance include the method of lead attach-
ment, package sealing method and internal environment
(e.g., vacuum, partial pressure, etc.). Some circuit con-
siderations when using crystals include:

Load Capacitance-The reactance the crystal must pre-
sent to the circuit. Some circuits use the crystal in the
parallel resonant mode (e.g., the crystal looks inductive).
Other circuits are specified as series resonant and the
crystal appears resistive. In this mode, the circuit's load ca-
pacitance, including all parasitics, must be specified. A
typical number is around 30pF.

Resistance-The impedance the crystal presents when it
is resonating.

Drive Level-How much power may be dissipated in the
crystal and still maintain all specifications. 10mW is typ-
ical. Excessive levels can fracture the crystal.

Temperature CoefficientfTurning Point-The tempco of
the crystal is usually specified near the "turning point."
This is the temperature at which the crystal tempco is
zero. Typically the tempco will be below 1ppm/oCover the
operating range and the turning point around 75°C, al·
though different cuts can considerably alter these
numbers.

Frequency Tolerance- The deviation from ideal frequency
when used under specified circuit conditions at a defined
temperature. Tolerances vary from 50ppm to less than
1ppm.
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High Speed Comparator Techniques

Comparators may be the most underrated and under-
utilized monolithic linear component. This is unfortunate
because comparators are one of the most flexible and
universally applicable components available. In large
measure the lack of recognition is due to the IC op amp,
whose versatility allows it to dominate the analog design
world. Comparators are frequently perceived as devices
which crudely express analog signals in digital form-a
1-bit A-D converter. Strictly speaking, this viewpoint is
correct. It is also wastefully constrictive in its outlook.
Comparators don't' 'just compare" in the same way that
op amps don't "just amplify".

Comparators, in particular high speed comparators, can
be used to implement linear circuit functions which are as
sophisticated as any op amp-based circuit. Judiciously
combining a fast comparator with op amps is a key to
achieving high performance results. In general, op amp-
based circuits capitalize on their ability to close a feedback
loop with precision. Ideally, such loops are maintained
continuously over time. Conversely, comparator circuits
are often based on speed and have a discontinuous output
over time. While each approach has its merits, a fusion of
both yields the best circuits.

This effort's initial sections are devoted to familiarizing
the reader with the realities and difficulties of high speed
comparator circuit work. The mechanics and subtleties of

achieving precision circuit operation at DC and low fre-
quency have been well documented. Relatively little has
appeared which discusses, in practical terms, how to get
fast circuitry to work. In developing such circuits, even
the most veteran designers sometimes feel that nature is
conspiring against them. In some measure this is true.
Like all engineering endeavors, high speed circuits can
only work if negotiated compromises with nature are ar-
ranged. Ignorance of, or contempt for, physical law is a
direct route to frustration. In this regard, much of the text
and appendices are directed at developing awareness of
and respect for circuit parasitics and fundamentallimita-
tions. This approach is maintained in the applications
section, where the notion of "negotiated compromises"
is expressed in terms of resistor values and compensa-
tion techniques. Many of the application circuits use the
LT1016's speed to improve on a standard circuit. Some
utilize the speed to implement a traditional function in a
non-traditional way, with attendant advantages. A (very)
few operate at or near the state-of-the-art for a given cir-
cuit type, regardless of approach. Substantial effort has
been expended in developing these examples and docu-
menting their operation. The resultant level of detail is
justified in the hope that it will be catalytic. The circuits
should stimulate new ideas to suit particular needs, while
demonstrating the LT1016's capabilities in an instructive
manner.
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A new ultra high speed comparator, the LT1016, features
TIL -compatible complementary outputs and 10ns response
time. Other capabilities include a latch pin and good DC in-
put characteristics (see Figure 1). The LT1016's outputs
directly drive all TIL families, including the new higher
speed ASTIL and FAST parts. Additionally, TIL outputs
make the device easier to use in linear circuit applications
where ECL output levels are often inconvenient.

A substantial amount of design effort has made the
LT1016 relatively easy to use. It is much less prone to
oscillation and other vagaries than some slower com-
parators, even with slow input signals. In particular, the
LT1016 is stable in its linear region, a feature no other
high speed comparator has. Additionally, output stage
switching does not appreciably change power supply
current, further enhancing stability. These features make
the application of the 200GHz gain-bandwidth LT1016
considerably easier than other fast comparators. Unfor-
tunately, laws of physics dictate that the circuit
environment the LT1016 works in must be properly
prepared. The performance limits of high speed circuitry

are often determined by parasitics such as stray
capacitance, ground impedance, and layout. Some of
these considerations are present in digital systems where
designers are comfortable describing bit patterns and
memory access times in terms of nanoseconds. The
LT1016 can be used in such fast digital systems and
Figure 2 shows just how fast the device is. The simple
test circuit allows us to see that the LT1016's (Trace B)
response to the pulse generator (Trace A) is faster than a
TIL inverter (Trace C)! In fact, the inverter's output never
gets to a TIL "0" level. Linear circuits operating with
this kind of speed make many engineers justifiably wary.
Nanosecond domain linear circuits are widely associated
with oscillations, mysterious shifts in circuit characteris-
tics, unintended modes of operation and outright failure
to fu nction .

Other common problems include different measurement
results using various pieces of test equipment, inability to
make measurement connections to the circuit without
inducing spurious responses and dissimilar operation be-
tween two "identical" circuits. If the components used

a } OUTPUTS ARE STABLE WHEN THE LTl016
OUT IS IN ITS LINEAR REGION,

0aUT ~NE~~:~~~~~L~ A~~~~;~~~~ THE

PROP DELAY - 100mV STEP
5mV OVERDRIVE - 12ns MAX
20mV OVERDRIVE - IOns MAX

DIFFERENTIAL PROP DELAY - 2ns MAX

INPUT OFFSET - 1.5mV MAX
INPUT OFFSET DRIFT - to"V/-C MAX
INPUT BIAS CURRENT - 10,,,, MAX
COMMON-MODE RANGE - + V - tV - V + 1.25V
GAIN - 2000 MIN
POWER SUPPLY RANGE - +5V/GND- ±5V

A=5V/DIV

VERTICAL B = 5V I DIV

C=2V/DIV
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in the circuit are good and the design is sound, all of the
above problems can usually be traced to failure to provide
a proper circuit' 'environment." To learn how to do this
requires studying the causes of the aforementioned
difficulties.

The Rogue's Gallery of High Speed
Comparator Problems

By far the most common error involves power supply
bypassing. Bypassing is necessary to maintain low sup-
ply impedance. DC resistance and inductance in supply
wires and PC traces can quickly build up to unacceptable
levels. This allows the supply line to move as internal cur-
rent levels of the devices connected to it change. This will
almost always cause unruly operation. In addition,
several devices connected to an unbypassed supply can
"communicate" through the finite supply impedances,
causing erratic modes. Bypass capacitors furnish a sim-
ple way to eliminate this problem by providing a local
reservoir of energy at the device. The bypass capacitor
acts like an electrical flywheel to keep supply impedance
low at high frequencies. The choice of what type of
capacitors to use for bypassing is a critical issue and
should be approached carefully (see Appendix A, "About
Bypass Capacitors"). An unbypassed LT1016 is shown
responding to a pulse input in Figure 3. The power supply
the LT1016 sees at its terminals has high impedance at
high frequency. This impedance forms a voltage divider
with the LT1016, allowing the supply to move as internal
conditions in the comparator change. This causes local

feedback and oscillation occurs. Although the LT1016
responds to the input pulse, its output is a blur of
100MHz oscillation. Always use bypass capacitors.

In Figure 4 the LT1016's supplies are bypassed, but it
still oscillates. In this case, the bypass units are either too
far from the device or are lossy capacitors. Use capaci-
tors with good high frequency characteristics and mount
them as close as possible to the LT1016. An inch of wire
between the capacitor and the L T10 16can cause problems.

In Figure 5 the device is properly bypassed but a new
problem pops up. This photo shows both outputs of the
comparator. Trace A appears normal, but Trace B shows an
excursion of almost 8V - quite a trick for a device running
from a +5V supply. This is a commonly reported problem
in high speed circuits and can be quite confusing. It is not
due to suspension of natural law, but is traceable to a
grossly miscompensated or improperly selected oscil-
loscope probe. Use probes which match your oscillo-
scope's input characteristics and compensate them
properly (for a discussion on probes, see Appendix B,
"About Probes and Scopes"). Figure 6 shows another
probe-induced problem. Here, the amplitude seems cor-
rect but the 10ns response time LT1016 appears to have
50ns edges! In this case, the probe used is too heavily
compensated or slow for the oscilloscope. Never use 1X or
"straight" probes. Their bandwidth is 20MHz or less and
capacitive loading is high. Check probe bandwidth to en-
sure it is adequate for the measurement. Similarly, use an
oscilloscope with adequate bandwidth.
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Figure 5. Improper Probe Compensation Causes
Seemingly Unexplainable Amplitude Error

In Figure 7 the probes are properly selected and applied
but the LT1016's output rings and distorts badly. In this
case, the probe ground lead is too long. For general pur-
pose work most probes come with ground leads about 6
inches long. At low frequencies this is fine. At high
speed, the long ground lead looks inductive, causing the
ringing shown. High quality probes are always supplied
with some short ground straps to deal with this problem.
Some come with very short spring clips which fix directly
to the probe tip to facilitate a low impedance ground con-
nection. For fast work, the ground connection to the
probe should not exceed 1 inch in length. Keep the
probe ground connection as short as possible.

The difficulty in Figure 8 is delay and inadequate ampli-
tude (Trace B). A small delay on the leading edge is
followed by a large delay before the falling edge begins.

Figure 6. Overcompensated or Slow Probes Make Edges
Look Too Slow

Additionally, a lengthy, tailing response stretches 70ns
before finally settling out. The amplitude only rises to
1.5V. A common oversight is responsible for these
conditions.

A FET probe monitors the LT1016 output in this example.
The probe's common-mode input range has been ex-
ceeded, causing it to overload and clip the output badly.
The small delay on the rising edge is characteristic of ac-
tive probes and is legitimate. During the time the output is
high, the probe is driven deeply into saturation. When the
output falls, the probe's overload recovery is lengthy and
uneven, causing the delay and tailing.

Know your FET probe. Account for the delay of its active
circuitry. Avoid saturation effects due to common-mode
input limitations (typically ± 1V). Use 10X and 100X at-
tenuator heads when required.

Figure 8. Overdriven FET Probe Causes Oelayed,
Tailing Response
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Figure 9 shows the LT1016's output (Trace B) oscillating
near 40MHz as it responds to an input (Trace A). Note
that the input signal shows artifacts of the oscillation.
This example is caused by improper grounding of the
comparator. In this case, the LT1016's ground pin con-
nection is 1 inch long. The ground lead of the LT1016
must be as short as possible and connected directly to a
low impedance ground point. Any substantial impedance
in the LT1016's ground path will generate effects like
this. The reason for this is related to the necessity of
bypassing the power supplies. The inductance created
by a long device ground lead permits mixing of ground
currents, causing undesired effects in the device. The
solution here is simple. Keep the LT1016's ground pin
connection as short (typically 1/4 inch) as possible and
run it directly to a low impedance ground. Do not use
sockets.

Figure 10 addresses the issue of the "low impedance
ground," referred to previously. In this example, the out-
put is clean except for chattering around the edges. This
photograph was generated by running the LT1016 with-
out a' 'ground plane." A ground plane is formed by using

a continuous conductive plane over the surface of the cir-
cuit board (the theory behind ground planes is discussed
in Appendix C). The only breaks in this plane are for the
circuit's necessary current paths. The ground plane
serves two functions. Because it is flat (AC currents travel
along the surface of a conductor) and covers the entire
area of the board, it provides a way to access a low
inductance ground from anywhere on the board. Also, it
minimizes the effects of stray capacitance in the circuit by
referring them to ground. This breaks up potential
unintended and harmful feedback paths. Always use a
ground plane with the LT1016. .

"Fuzz" on the edges is the difficulty in Figure 11. This
condition appears similar to Figure 10, but the oscillation
is more stubborn and persists well after the output has
gone low. This condition is due to stray capacitive feed-
back from the outputs to the inputs. A 3kn input source
impedance and 3pF of stray feedback allowed this oscilla-
tion. The solution for this condition is not too difficult.
Keep source impedances as low as possible, preferably
1kO or less. Route output and input pins and components
away from each other.

Figure 9. Excessive lT1016 Ground Path Resistance
Causes Oscillation

Figure 11. 3pF Stray Capacitive Feedback with 3kn
Source Can Cause Oscillation
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The opposite of stray-caused oscillations appears in
Figure 12. Here, the output response (Trace B) badly lags
the input (Trace A). This is due to some combination of
high source impedance and stray capacitance to ground
at the input. The resulting RCforces a lagged response at
the input and output delay occurs. An RC combination of
2kn source resistance and 10pF to ground gives a 20ns
time constant - significantly longer than the LT1016's
response time. Keep source impedances low and mini-
mize stray input capacitance to ground.

Figure 13 shows another capacitance-related problem.
Here the output does not oscillate, but the transitions are
discontinuous and relatively slow. The villain of this situa-
tion is a large output load capacitance. This could be
caused by cable driving, excessive output lead length or
the input characteristics of the circuit being driven. In
most situations this is undesirable and may be eliminated
by buffering heavy capacitive loads. In a few cir-
cumstances it may not affect overall circuit operation and
is tolerable. Consider the comparator's output load
characteristics and their potential effect on the circuit. If
necessary, buffer the load.

{

A=2V/DIV

VERTICAL

B=2V/DIV

Figure 12. Stray 5pF Capacitance from Input to Ground
Causes Delay

Figure 14. Lengthy, Unterminated Output Lines Ring
from Reflections

Another output-caused fault is shown in Figure 14. The
output transitions are initially correct but end in a ringing
condition. The key to the solution here is the ringing.
What is happening is caused by an output lead which is
too long. The output lead looks like an unterminated
transmission line at high frequencies and reflections oc-
cur. This accounts for the abrupt reversal of direction on
the leading edge and the ringing. If the comparator is
driving TTL this may be acceptable, but other loads may
not tolerate it. In this instance, the direction reversal on
the leading edge might cause trouble in a fast TTL load.
Keep output lead lengths short. If they get much longer
than a few inches, terminate with a resistor (typically
250n-400n).

A final malady is presented in Figure 15. These wave-
forms are reminiscent of the input RC-induced delay of
Figure 12. The output waveform initially responds to the
input's leading edge, but then returns to zero before go-
ing high again. When it does go high, it slews slowly.
Additional odd characteristics include pronounced over-
shoot and pulse top aberration. The fall time is also slow
and well delayed from the input. This is certainly strange

Figure 13. Excessive Load Capacitance Forces
Edge Distortion

Figure 15. Input Common-Mode Overdrive Generates
Odd Outputs
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behavior from a TIL output. What is going on here? The
input pulse is responsible for all these anomalies. Its 10V
amplitude is well outside the +5V powered LT1016's
common-mode input range. Internal input clamps pre-
vent this pulse from damaging the LT1016, but an over-
drive of this magnitude results in poor response. Keep
input signals inside the LT1016's common-mode range
at all times.

Oscilloscopes

A few of the examples illustrated dealt with probe-caused
problems. Although it should be obvious, it is worth men-
tioning that the choice of oscilloscope employed is
crucial. Be certain of the characteristic of the probe-
oscilloscope combination you are using. Rise time, band-
width, resistive and capacitive loading, delay, overdrive
recovery and other limitations must be kept in mind. High
speed linear circuitry demands a great deal from test
equipment and countless hours can be saved if the
characteristics of the instruments used are well known
(see Appendix C, "Measuring Equipment Response").
In fact, it is possible to use seemingly inadequate equip-
ment to get good results if the equipment's limitations are
well known and respected. All of the applications which
follow involve rise times and delays well above the

100MHz-200MHz region, but 90% of the development
work was done with a 50MHz oscilloscope. Familiarity
with equipment and thoughtful measurement technique
permit useful measurements seemingly beyond instru-
ment specifications. A 50MHz oscilloscope cannot track
a 5ns rise time pulse, but it can measure a 2ns delay be-
tween two such events. Using such techniques, it is often
possible to deduce the desired information. There are
situations where no amount of cleverness will work and
the right equipment, e.g., a faster oscilloscope, must be
used.

In general, use equipment you trust and measurement
techniques you understand. Keep asking questions and
don't be satisfied until everything you see on the
oscilloscope is accounted for and makes sense.

The LT1016, combined with the precautionary notes
listed above, permits fast linear circuit functions which
are difficult or impossible using other approaches. Many
of the applications presented represent the state-of-the-
art for a particular circuit function. Some show new and
improved ways to implement standard functions by utiliz-
ing the LT1016's speed. All have been carefully (and
painfully) worked out and should serve as good idea
sou rces for potential users of the device.

1Hz-10MHz V--F Converter

The LT1016 and the LT1012 low drift amplifier combine
to form a high speed V-- F converter in Figure 16. A
variety of circuit techniques is used to achieve a 1Hz to
10MHz output. Overrange to 12 MHz (VIN = 12V) is pro-
vided. This circuit has a wider dynamic range (140dB, or
7 decades) than any commercially available unit. The
1OMHz full-scale frequency is 10 times faster than cur-
rently available monolithic V-- Fs. The theory of opera-
tion is based on the identity 0 = CV.

Each time the circuit produces an output pulse, it feeds
back a fixed quantity of charge (0) to a summing node
(E). The circuit's input furnishes a comparison current at
the summing node. The difference signal at the node is
integrated in a monitoring amplifier's feedback capacitor.

The amplifier controls the circuit's output pulse genera-
tor, completing a feedback loop around the integrating
amplifier. To maintain the summing node at zero, the
pulse generator runs at a frequency which permits
enough charge pumping to offset the input signal. Thus,
the output frequency will be linearly related to the input
voltage. A1 is the integrating amplifier.

For low bias, high speed operation, a pair of discrete FETs
directly drives A1's output stages, replacing A 1's mono-
lithic input circuitry. A 1's input stage is turned off by con-
necting the input pins to the negative 15V rail. The FET
gates become the "+" and "-" inputs of the
amplifier. O.2/LV/ °C offset drift performance is obtained
by stabilizing the A1-FET combination with A2, a preci-
sion op amp. A2 measures the DC value of the negative
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input, compares it to ground, and forces the positive in-
put to maintain offset balance in the A 1-FET combination.
Note that A2 is configured as an integrator and cannot see
high frequency signals. It functions only at DC and low
frequency. The A1-FET combination is arranged as an in-
tegrator with a 100pF feedback capacitor. When a
positive voltage is applied to the input, A 1's output in-
tegrates in a negative direction (Trace A, Figure 17). Dur-

E'N
OV-l0V

2k
GAIN TRIM

+15V

ing this period, C1 's inverting output is low. A very high
speed level shifter, 01-02 (see Appendix D, "About
Level Shifters' '), inverts this output and drives the zener
reference bridge. The bridge's positive output is used to
charge the 33pF capacitor. The 1.2V diode string pro-
vides cancellation and temperature compensation for the
diode drops in the bridge so that the 33pF unit charges to
Vz +VSE 03.

lOOk 100 220n

36k 200k +5V LTl009
+15V 2.5V

+15V 0.1 4.7k 4.7k

lk-..f = HP5082-2810

~ =2N4393

•••••• = lN4148-< =2N2369

lHz-l0MHz
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BOns WIOE PULSES

B= lOV/DiV

C=20mA/DiV

0= lV/DiV
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When A l's output crosses zero, Cl's inverting output
goes high and Q2's (Trace B) collector goes to - 5V. This
causes the 33pF unit to dispense charge into the sum-
ming node via Q4's VSE.The amount of charge dispensed
is a direct function of the voltage that the 33pF unit was
charged to (Q=CV). Q4's VSE compensates the Q3 VSE
term in the capacitor's charge equation. The current
which flows through the 33pF unit (Trace C) reflects this
charge pumping action. The removal of current from A l's
summing junction (Trace D) causes the junction to be
driven very quickly negative. The initial negative-going
20ns transient at A l's output is due to amplifier delay.
The input signal feeds directly through the feedback
capacitor and appears at the output. When the amplifier
finally responds, its output (Trace A) slew limits as it at-
tempts to regain control of the summing node. The
amount of time Q2's collector (Trace B) remains at - 5V
depends on how long it takes A1 to recover and the 5pF-
1000 hysteresis network at Cl. This 60ns interval is long
enough for the 33pF unit to fully discharge. After this, Cl
changes state and Q2's collector swings positive. The
capacitor is recharged and the entire cycle repeats. The
frequency at which this oscillation occurs is directly
related to the voltage-input-derived current into the sum-
ming junction. Any input current will require a corre-
sponding oscillation frequenncy to hold the summing
point at an average value of OV.

Maintaining this relationship at megahertz frequencies
pla~es. severe restrictions on circuit timing. The key to
achieving 10MHz full-scale operating frequency is the
ability to transmit information around the loop as quickly
as.~ossible ..The di.sch~rge.-reset sequence is particularly
cntlcal and IS detailed In Figure 18. Trace A is the A1 in-
tegrator output. Its ramp output crosses OVat the first left
vertical graticule division. A few nanoseconds later Cl's
inverting output begins to rise (Trace B), drivi~g the
Ql-Q2level shifter output negative (Trace C). Q2's collec-
tor begins to head negative about 12ns after A l's output
cro~ses OV. 4ns later, the summing point (Trace D)
beginS to go negative as current is pulled from it through
the 33pF capacitor. At 25ns, Cl's inverting output is fully
up, Q2's collector is at - 5V, and the summing point has
been pulled to its negative extreme. Now, A1 begins to
take control. Its output (Trace A) slews rapidly in the

positive direction, restoring the summing point. At 60ns,
A1 is in control of the summing node and the integration
ramp begins again.

Start-up and overdrive conditions could force A l's output
to go to the negative rail and stay there. The AC-coupled
nature of the charge dispensing loop can preclude normal
operation and the circuit may latch. C2 provides a
"~atchdog" function for this condition. If Al 's output
tnes to go too far below zero, C2 switches, forcing the
" +" input FET gate positive. This causes Al's output to
slew positive, initiating normal circuit action. The diode
chain at Cl's input prevents common-mode overdrive at
the LTl 016. To trim this circuit, ground the input and ad-
just the lk pot for 1Hz output. Next, apply 10.000Vand
set the 2kO unit for 10.000MHz output. The transfer
linearity of the circuit is 0.06%. Full-scale drift is typically
50ppm/oC and zero point error about 0.2J.1-V/oC
(0.2Hz/°G).

A~O.2V/DIV
(UNCAUBRATED)

B~1V/DIV
C=5V/DIV

Quartz-Stabilized 1Hz-30MHz V - F Converter

Figure 16's upper limit on operating frequency is im-
posed by delays in the active elements in the LT1016's
feedback path. Higher speed is possible by minimizing
these delays. Figure 19 shows a way to do this while re-
taining good drift and linearity characteristics. The cir-
cuit's untrimmed 150dB dynamic range is 1000 times
greater than commercially available V- F converters,
whether monolithic, hybrid, or modular.

The technique employed allows the LT1016 to roar along at
a 30MHz full-scale output frequency, substantially faster
than any commercially available V- F. The actual V- F
conversion is performed by the circuit shown inside the
dashed lines. This circuit functions similarly to Figure 16.



The level shift and zener bridge are eliminated. 01 charges
the 200pF capacitor, which is unloaded by the 02-03 buffer.
When the LT1016's negative input rises above its positive
input, its output goes low, pulling charge out of the
capacitor via 04, which serves as a low leakage diode. The
2. 7pF capacitor provides positive feedback. If the left end of
the 100k input resistor is driven from a voltage source, the
LT1016 oscillates over a 1Hz to 30M Hz range. Although
this simple circuit is fast, its linearity is poor and drift ex-
ceeds 5000ppm/ ce.

"1% FILM RESISTOR

D=SN74S00

TIL= +5V TO GROUND SUPPLIES
LT1002= ± 15V SUPPLIES
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The remaining components in Figure 19 form a quartz-
locked sampled-data loop to correct these terms without
sacrificing speed. The loop works by counting the num-
ber of pulses at the LT1016's output during a fixed inter-
val and converting this information to a voltage. The
voltage is compared to the circuit's input by an amplifier
which drives the LT1 016 V - F circuit. This closed loop
technique relies on the stability of the time interval and
the digital-to-voltage conversion to achieve circuit stabil-
ity. Frequent updating of the loop ensures long term
stability. Figure 20 shows how the circuit functions.

r-----------------,
I +5V +15V I
I I
I lOOk 510" I
I I
I ~oo I
I I

I
I
I

33111

I
I
I
I
I
I
I
I
I...J

I
I
I
I Q3
L -,'N5638

I
I
I
I -15V

I
IL__:.:" _

OUTPUT
1Hz-30M Hz

4.0kHz
XTAl DERIVED
CLOCK

Figure 19. 30M Hz V-F Utilizes Sampled Loop for
High Stability and Linearity



Waveforms A, Band C are the LT1016's negative input,
output and positive input, respectively. Their similarity to
Figure 17 (Traces A, B and C) reflects the two circuits'
commonality of operation. Trace D shows the quartz-
crystal-derived 4kHz clock. During the clock's low por-
tion, the LT1016's gated output appears at G2's output
(Trace E). This data is loaded into counters which drive a
12-bit DAC via the 7475 latches. When the clock goes
high, one section of the 74123 one-shot generates a
pulse (Trace F), allowing the latches to acquire the
counter's data. After this pulse goes low, the one-shot's
second half pulses (Trace G) the counter's reset line. At
the clock's next falling edge the entire cycle repeats. The
DAC and its associated output amplifier (A1A) provide a
voltage representation of the digital word at the 7475 out-
puts. This voltage is compared to the circuit's input by
A1B, whose output drives the LT1016-based V- F. Any
drift or nonlinearity in the V - F will be corrected by the
feedback action of this stabilizing loop. The 10k-0.68j.tF
time constant at A1B provides loop compensation.

Although it is not Obvious, the frequency setting resolu-
tion is much greater than the 12-bit quantization limit of
the DAC. This is because the DAC's output dithering
around the LSB is integrated to a pure DC level by loop
time constants. Once the DAC has settled within an LSB,
its output acts like a 4kHz clocked pulse width modulator.
The slow loop time constants integrate the width-
modulated information to DC, affording smooth, con-
tinuous frequency setting capability. The practical limit
on resolution is due to the LT1 016 oscillator's short term
jitter and is about 25ppm of reading.

C=200mV/DIV

D=5V/DIV

E=5V/DIV

F=5V/DIV

G=5V/DIV

A, B. C HORIZONTAL=50ns/DlV
D, E, F, G HORIZONTAL=50,.s/DIV (UNCALIBRATED)

Figure 20. Waveforms for Figure 19. Sampled Data
Loop (Traces 0-6) Stabilizes Basic V - F
(Traces A-C)

Although this approach allows higher speeds than Figure 16,
there are some trade-offs. The loop's sampled nature, com-
bined with its long time constants, limit settling time to about
100ms. Thus, although its output is faster than Figure 16's,
it cannot track quickly varying inputs. Circuit linearity is
DAC limited to 0.025% with full-scale drift of 50ppm/ °C.
Zero point drift of 1Hz/ °C is due to A1 B's 0.3j.tV / °C offset
drift.

1Hz-1 MHz Voltage-Controlled Sine Wave Oscillator

Both V - F converters described have pulse outputs.
Many applications such as audio, shaker table driving,
and automatic test equipment require voltage-controlled
oscillators (VCO) with a sine wave output. The circuit of
Figure 21 meets this need, spanning a 1Hz-1 MHz range
(120d B, or 6 decades) for a OV to 10V input. It is over 10
times faster than previously published circuits, while
maintaining 0.25% frequency linearity and 0.40% dis-
tortion specifications.

To understand the circuit, assume 05 is on and its collec-
tor (Trace A, Figure 22) is at -15V, cutting off 01. The
positive input voltage is inverted by A3, which biases the
summing node of integrator A1 through the 3.6k resistor
and the self-biased FETs. A current, -I, is pulled from
the summing point. A2, a precision op amp, DC stabilizes
A1. A 1's output (Trace B, Figure 22) integrates positive
until C1 's input (Trace C) crosses OV. When this hap-
pens, C1 's inverting output goes negative, the 04-05
level shifter turns off, and 05's collector goes to + 15V.
This allows 01 to come on. The resistors in 01 's path are
scaled to produce a current, +21, exactly twice the ab-
solute magnitude of the current, -I, being removed from
the summing node. As a result, the net current into the
junction becomes + I and A 1 integrates negatively at the
same rate its positive excursion took.

When A 1 integrates far enough in the negative direction,
C1 's .• +" input crosses zero and its outputs reverse.
This switches the 04-05 level shifter's state, 01 goes off
and the entire cycle repeats. The result is a triangle
waveform at A1 's output. The frequency of this triangle is
dependent on the circuit's input voltage and varies from
1Hz to 1M Hz with a OV-10V input.
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The LT1009 diode bridge and the series-parallel diodes
provide a stable bipolar reference which always opposes
the sign of A1 's output ramp. The Schottky diodes bound
C1's "+" input, assuring it clean recovery from
overdrive.

The AD639 trigonometric function generator, biased via M,
converts A1 's triangle output into a sine wave (Trace D).

The AD639 must be supplied with a triangle wave which
does not vary in amplitude or output distortion will result.
At higher frequencies, delays in the A1 integrator switch-
ing loop result in late turn on and turn off of 01. If these
delays are not minimized, triangle amplitude will increase
with frequency, causing distortion level to also increase
with frequency. The total delay generated by the LT1016,
the 04-05 level shifter, and 01 is 14ns. This small delay,
combined with the 22pF feedforward network at the
LT1016's input, keeps distortion to just 0.40% over the
entire 1MHz range. At 100kHz, distortion is typically in-
side 0.2%. The effects of gate-source charge transfer,
which happens whenever 01 switches, are minimized by
the 8pF unit in 01 's source line. Without this capacitor, a
sharp spike would occur at the triangle peaks, increasing
distortion. The 02-03 FETscompensate the temperature-
dependent on-resistance of 01, keeping the + 21/ -I
relationship constant with temperature.

Toadjust this circuit, put in 1O.OOVand trim the 100n P?t
for a symmetrical triangle output at A1. Next, put In
100p.V and trim the 100k pot for triangle symmetry.
Then, put in 10.00V again and trim the 1k "frequency
trim" adjustment for a 100.0kHz output frequency.
Finally, adjust the "distortion trim" potentiometers for
minimum distortion as measured on a distortion analyzer
(Trace E). Slight readjustment of the other potentiometers
may be required to get lowest possible distortion.

200n8-0.01 % Sample-and-Hold Circuit

Figure 23's circuit uses the LT1016's high speed to im-
prove upon a standard circuit function. The 200ns ac-
quisition time is well beyond monolithic sample-and-hold
capabilities and is matched only by hybrid and modular
units selling in the $200 range. Other specifications ex-
ceed the best commercial unit's performance. This cir-
cuit also gets around many of the problems associated

with standard sample-and-hold approaches, including
FET switch errors and amplifier settling time. To achieve
this, the LT1016's high speed is used in a circuit which
completely abandons traditional sample-and-hold
methods. When the sample-and-hold command line
(Trace A, Figure 24) is high, 02 conducts current, bias-
ing 03 on and forcing the 1OOOpFcapacitor (Trace B) to
discharge toward 04's emitter potential. 04's emitter, in
turn, sits at a potential slightly below 03's collector
voltage. 05 and the LT1009, biased from the input
voltage, drive 04. Concurrently, the TTL gate at the
LT1016 grounds the latch pin (enabling the comparator)
and the comparator's inverting output (Trace C) goes
high. When the sample-and-hold command line (Trace A)
falls, 02 and 03 go off and the 01 current source charges
the 1000pF unit (Trace B) with a fast linear ramp. This
capacitor is buffered by 07, a current sink loaded source
follower. When 07's output reaches the circuit's input
value, the LT1016's inverting output (Trace C) switches
low. The 01 current source cuts off in about 2ns and
capacitor charging ceases. The LT1016's low state also
means the NOR gate's output is high, latching the com-
parator's output. This prevents input line noise or a
change in signal from affecting the stored value in the
1000pF hold capacitor.

Ideally, 07's output now sits at exactly the sampled value
of the input voltage. In practice, a slight error exists
because of the LT1016's delay and the turn-off time of 01
(total 12ns). Because of these delays, the capacitor is
able to charge to a higher voltage than the input before
current stops. This error term is compensated by remov-
ing a small quantity of charge from the 1OOOpFcapacitor
when the LT1016's inverting output goes low. The
charge is removed through the 8pF-1 kn potentiometer
network. Because the charging ramp's slope is fixed, the
error term is constant and the compensation works over
the circuit's ± 3V input common-mode range. The lower
four traces are expanded to show detail of the compensa-
tion and the circuit's critical ramp turn-off sequence.
When the LT1016 goes off (Trace D), the ramp is seen to
slightly overshoot its final value (Trace E).

The 1kn-8pF combination pulls enough charge (Trace F)
out of the 1000pF hold capacitor to bring it back to the
correct value. Trace G is the NOW line. It falls low 2 gate
delays after the LT1016 inverting output goes low. When
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this line goes low, the circuit's sampled output has set-
tled from the correction transient and is valid data. The
total time from the falling of the sample-and-hold line to
the NOW output going low will always be inside 200ns.

The circuit's 200ns acquisition time is due to the high
slew rate of the charging ramp and the action of 04, 05
and the LT1009. These components form a wideband

tracking amplifier whose output is always a fixed amount
below the input. 07's current source load (06) ensures
that its VGSdoes not change. Thus, 03 will always reset
the capacitor a small, relatively constant amount below
any circuit input. In this way, the ramp does not have to
run very long before it crosses the input value, and
acquisition time versus input voltage is constant. In

GATES= SN74D2
NPN = 2N2222. UNLESS NOTED
PNP=2N29D7A. UNLESS NOTED
-.t-=lN4148

A~ 10V/DiV

B~1V/DIV

C=5V/DIV

O=5V/DIV
E=10mV/OIV

F=2mA/DIV
G=2V/DiV

Figure 24. Fast Sample-and-Hold Waveforms.
Traces A-C Show Ramp-Compare Action.
Traces D-G Detail Delay Compensation



Figure 25 the circuit is shown sampling a bipolar triangle
wave. Trace A is the input and Trace B is the circuit out-
put. Trace C is an expansion of Trace B (the' 'smearing"
of the sampled pedestals in Trace C is due to the repetitive
asynchronous sampling of the triangle). The action of the
tracking amplifier is readily apparent. It always resets the
ramp to the same point below the input voltage, regard-
less of the common-mode level. To calibrate the circuit,
ground the input, repetitively pulse the sample-and-hold
command line, and adjust the 1kQ pot for OV output.

Important specifications for this circuit include:

Acquisition Time
Common-Mode Input Range
Droop
Hold Step
Hold Settling Time
Feedthrough Rejection

<200ns
±3V
1JLV / pS

2mV
15ns
> > 100dB

Figure 25. Fast Sample-and-Hold Tracking a Triangle
Wave. Trace C is Expanded to Show the Ramping
of the Circuit's Output.

Fast Track-and-Hold Circuit

The track-and-hold circuit shown in Figure 26 is generi-
cally related to the sample-and-hold circuit of Figure 23.

-+f- = lN4148

-.f ~HP5082-2810

NPN = 2N2369
PNP = 2N2907A
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It also forsakes standard techniques in favor of an ap-
proach based on the LT1016's speed. This circuit's main
blocks are a switched current source (01-03), a current
sink (02), a FET follower (04), and the LT1016. To
understand the circuit, assume the voltage stored in the
0.001j.tF hold capacitor is below the input potential and
the track-and-hold command line (Trace A, Figure 27) is
at a TTL "1" (track mode). Under these conditions 05 is
on and C1's output is positive. C1's inverting output is
low and 03 is off, allowing the 01 current source to
charge the hold capacitor. The 02 current sink is also
operating, but at 112 the current density of 01. The hold
capacitor charges positively. When 04 's source (Trace B,
Figure 27) ramps to the input voltage's value, C1's out-
puts reverse state. 03 comes on, quickly turning off the
01 cu rrent source. The 5pF feedforward capacitor
speeds up 01 's turnoff by bypassing 03. With 01 off,
02's sink current discharges the hold capacitor. This
causes C1's output to change state and oscillation com-
mences (Trace B, Figure 27). This controlled, 10mV-
25MHz oscillation centers itself around the input
voltage's value. When the track-and-hold line (Trace A)
goes low, 05 ceases conducting, 01 and 02 immediately
go off, oscillations cease and the circuit's output sits
within ± 5mV of the input value at the time of turn-off.
This 5mV uncertainty, caused by the nature of the
circuit's operation, limits accuracy to 8 bits.

Figure 28 shows what happens when a square wave is
fed into the circuit. Trace A is the input. Trace B is the out-
put. Trace C is the track-and-hold command line and
Trace 0 is the LT1016's output. Note that the controlled
oscillation stops cleanly when the track-and-hold line
goes low. If the source-sink transistors were run at

higher currents, the circuit's output would slew much
faster to keep up with the input's transitions. The oscilla-
tion's error band would also proportionately enlarge. The
25M Hz update rate allows this circuit to track a relatively
slow signal very closely with settling time under 10ns
when switched into hold.

10ns Sample-and-Hold

Figure 29 shows a 10ns acquisition time sample-and-
hold which can be used with repetitive signals only. Here,
the LT1016 (C1) drives a differential integrator's (A1) in-
put. Feedback from the integrator back to the LT1016
closes a loop around the circuit. Figure 30 shows what
happens when a 1MHz sine wave (Trace A, Figure 30) is
applied to the input. C2 generates a zero crossing signal
(Trace B) and one-shot" A" (Trace C) provides an ad-
justable width. One-shot B's 0 output produces a 30ns
pulse (Trace D) which is fed into a logic network with the
Q signal. The two inverter delays in O's path give its
associated gate a shorter duration output (Trace F) than
Q's gate (Trace E). The last gate subtracts these two
signals and generates a 10ns spike. This is inverted
(Trace G) and fed to C1's latch pin. Each time the latch is
enabled the comparator responds to the condition of the
summing junction at its" + " input. If summing error is
positive, A1 pulls current. If the error is negative, A1
sources current to the junction. After a number of input
cycles, A1's output settles at a DC value which is the
same as the level sampled during the time the latch is
enabled. The "delay adjust" allows the 10ns sampling
"window" to be positioned anywhere on the input sine
wave.

Figure 28. Track-and-Hold Responding to a
Square Wave Input
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Figure 30. Waveforms for 10ns Sample-and-Hold.
10ns Sampling Window (Trace G) May be Positioned
Anywhere on Input (Trace A)

5p.s, 12·Bit A-D Converter

The LT1016's high speed is used to implement a fast
12-bit A-D converter in Figure 31. The circuit is a modified
form of the standard successive approximation approach
and is faster than most commercial SAR 12-bit units. In
this arrangement the 2504 successive approximation
register (SAR), A1 and C1 test each bit, beginning with the
MSB, and produce a digital word representing VIN's value.
To get faster conversion time, the clock (C2) is sped up
after the third MSB is converted. This takes advantage of

the segmented DAC used, which has significantly faster
settling time for the lower 9 bits.

A1 provides preamplification for C1 while adding only 7ns
delay. The preamplification allows clean response to 112 LSB
(1.22mV) overdrives at A1's input. Figure 32 shows the
converter at work. To aid in observing operation, A1 has
been eliminated and the DAC-input node drives the LT1016
,.+ " input directly. A1 should be employed in normal use.
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PARALLEL
DIGITAL + 15V

DATA OUT LT1021-10
lOVREF

STATUS
(CONVERSION
cm;m:rn)

"TRIM FOR ~ 6.5MHz WHEN 7474 a IS HIGH
""PRECISION O.OI%TYPES. VISHAY S-102

"* ~IN4148

B~O_5V/DIV

C=5V/DIV

D=5V/DIV

HORIZONTAL = 1,.s/DlV

Figure 32. Fast SAR Converter Waveforms. Note Clock
(Trace D) Speed-Up after 3rd Bit Conversion

The conversion begins when the "convert command"
line (Trace A, Figure 32) drops low. When this happens
the SAR begins to test each bit. The OACoutput (Trace B),
fed to the Schottky-clamped C1 input, sequentially con-
verges toward final value. After the third MSB has been
established, the 7474 Q line goes high (Trace C), forcing
the 2.1 MHz clock to shift to 3.2MHz (Trace D). This
speeds up conversion of the remaining 9 bits, minimizing
overall A-O time. When conversion is complete, the
status line (Trace E) drops low and C1 's latch is set by the
TTL inverter, preventing the comparator from responding

to input noise or shifts. The next convert command
reinitiates the entire cycle. Note that on the lowest order
bits C1 must accurately respond to small signals without
sacrificing speed. The high gain-bandwidth required
makes this application one of the most difficult for a
comparator. This circuit's 5¢> conversion time is fast for a
12-bit A-O_ Faster conversion time is possible, although
the design becomes more complex. A "stretched" ver-
sion of this circuit, with 1.81ts conversion time, appears
in AN17, "Considerations for Successive Approximation
A-O Converters".



Inexpensive, Fast 10-Bit Serial Output A-D

Figure 33 shows a simple way to build a fast, inexpensive
10-bit A-D converter. This circuit is especially useful
where a large number of converters is required and all of
them can be serviced by one clock. The design consists
of a current source, an integrating capacitor, a com-
parator and some gates.
Every time a pulse is applied to the convert command in-
put (Trace A, Figure 34), 01 resets the 1000pF capacitor
to OV (Trace B). This resetting action takes 200ns - the
minimum acceptable convert command pulse width. On
the falling edge of the convert command pulse, the
capacitor begins to charge linearly. In precisely 10jlS, it
charges to 2.5V (over range to 3.0V is provided). Nor-
mally, 01 would not be able to reset the capacitor to zero
due to its VCEsaturation voltage. This effect is compen-
sated by 04. This device switches in inverting mode,

resulting in a reset within 1mV of ground. 01 absorbs
most of the capacitor's charge and 04 completes the
discharge.
The 10jlS ramp is applied to the LT1016's positive input.
The LT1016 compares the ramp to Ex, the unknown, at
its negative input. For a OV-2.5V range, Ex is applied to
the 2.5kO resistor. For a OV-10V range, the 2.5kO
resistor is grounded and Ex is applied to the 7.5kO
resistor. The 2.0k resistor at the positive input provides
balanced source impedance for C1. The output of the
LT1016 is a pulse (Trace C) whose width is directly
dependent on the value of Ex. This pulse width is used to
gate a 100M Hz clock. The 74ASOO gate achieves this
function and also gates out the portion of the LT1016 out-
put pulse due to the convert command pulse. Thus, the
100MHz clock pulse bursts that appear at the output

C=2V/OIV

O=5V/OIV

HORIZONTAL= 2"5 I OIV

Figure 34. Waveforms for 10-Bit A - D



Application Note 13

(Trace 0) are proportional to Ex. For a OV-10V input,
1024 pulses appear at full-scale, 512 at 5.00V, etc. The
resistor-diode network at the LT1016's latch pin ensures
clean comparator transitions by locking the LT1 016 out-
puts after the conversion is completed. This latch is
broken by the next convert command pulse.

The current source scaling resistor and ramp capacitor
specified provide good temperature compensation because
of their opposing thermal coefficients. The circuit will
typically hold ± 1 LSB accuracy over O°C-lO°C with an
additional ± 1 LSB uncertainty due to the asynchronous re-
lationship between the clock and the conversion sequence.

Figure 35 details the most critical part of the converter's
operation, the reset phase. Trace A is the convert com-
mand. Trace B is the capacitor (greatly magnified) reset-
ting to zero. The comparator output appears in Trace C
and Trace 0 is the gated serial output. Observe that the
output pulses do not appear until the capacitor has
started to ramp (just past mid-screen), even though the
comparator is high.

0.1

P820pF

500
SKEW 820 820
COMP

~M =
QVrms-1.5Vrms

"I % FILM RESISTOR
PNP=2N2907A
NPN = 2N2369-.f ~HP5082·2810

0.1

820pF P
500

SKEW 820
COMP

Figure 35. Figure 33's Reset Sequence. 01-04
Combination Gives Ouick, low Offset Zero Reset

Most precision rectifier circuits rely on operational ampli-
fiers to correct for diode drops. Although this scheme
works well, bandwidth limitations usually restrict these
circuits to operation below 100kHz. Figure 36 shows the
LT1016 in an open-loop, synchronous rectifier configura-
tion which has high accuracy out to 2.5MHz. An input
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1M Hz sine wave (Trace A, Figure 37) is zero cross
detected by C1. Both of C1 's outputs drive identical level
shifters with fast (delay = 2ns-3ns), ± SV outputs. These
outputs bias a Schottky switching bridge (Traces Band C
are the switched corners of the bridge). The input signal is
fed to the left-midsection of the bridge. Because C1 drives
the bridge synchronously with the input signal, a half-
wave rectified sine appears at the AC output (Trace D). The
DC RMS value appears at the DC output. The Schottky
bridge gives fast switching and eliminates the charge
pump-through that a FET switch would contribute. This is
evident in Trace E, which is an expanded version ofTrace D.
The waveform is clean with the exception of very small
disturbances where bridge switching occurs. To calibrate
this circuit, apply a 1MHz-2MHz 1Vp-p. Sine wave and
adjust the delay compensation so bridge switching occurs
when the sine crosses zero. This adjustment corrects for
the small delays through the LT1016 and the level shifters.
Next, adjust the skew compensation potentiometers for
minimum aberrations in the AC output signal. These trims
slightly shift the phase of the rising output edge of their
respective level shifter. This allows skew in the com-
plementary bridge drive signals to be kept within 1ns-2ns,
minimizing output disturbances when switching occurs. A
100mV sine input will produce a clean output with a DC
output accuracy of better than 0.25%.

10MHz Fiber Optic Receiver

Reception of high data rate fiber optic data is not easy. The
high speed data and uncertain intensity of the light level

B=10V/OIV

C=10V/OIV

can cause erroneous results unless the receiver is carefully
designed. The fiber optic receiver shown in Figure 38 will
accurately condition a wide range of light inputs at up to
10MHz data rates. Its digital output features an adaptive
threshold trigger which accommodates varying signal
intensities due to component aging and other causes. An
analog output is also available to monitor the detector out-
put. The optical signal is detected by the PIN photodiode
and amplified by a broadband fed-back stage, 01-03. A
second, similar, stage gives further amplification. The out-
put of this stage (OS's collector) biases a 2-way peak
detector (06-07). The maximum peak is stored in 06's
emitter capacitor, while the minimum excursion is retained
in 07's emitter capacitor. The DC value of OS's output
signal's mid-point appears at the junction of the O.OOS/lF
capacitor and the 22MQ unit. This point will always sit
midway between the signal's excursions, regardless of
absolute amplitude. This signal-adaptive voltage is buff-
ered by the low bias LT1012 to set the trigger voltage at the
LT1016's positive input. The LT1016's negative input is
biased directly from OS's collector. Figure 39 shows the
results using the test circuit indicated in Figure 38. The
pulse generator's output is Trace A, while OS's collector
(analog output monitor) appears in Trace B. The LT1016
output is Trace C. The wideband amplifier responds within
Sns and rises in 2Sns. Note that the LT1 016's output tran-
sitions line up with the mid-point of Trace B, in accordance
with the adaptive trigger's operation.

Figure 37. Fast AC-DC Converter Operating at 1MHz.
Clean Switching is Due to LT1016's Speed and
Compensations for Delay and Switching Skew
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SENSITIVITY: 10pW/V OUT (O.5"A= lpW FLUX)
MINIMUM LIGHT FLUX IN FOR VAllO DATA OUT: 2pW
DATA RATE: DC-lOMb/SEC

A=5V/OIV

B=2V/OIV
(INVERTED)

C=5V/OIV

Figure 40 shows a simple circuit which will turn off cur-
rent in a load 12ns after it exceeds a preset value. This
circuit has been used to protect integrated circuits during
developmental probing and is also useful for protecting
expensive loads during trimming and calibration. It is 3
times faster and less complex than previously published
circuits. Under normal conditions the voltage across the
10n shunt is smaller than the potential at the LT1016's
negative input. This keeps 01 off and 02 receives bias,
driving the load. When an overload occurs (in this case
via a test circuit, whose output is Trace A, Figure 41),

the current through the 10n sense resistor begins to
increase (Trace S, Figure 41). When this current exceeds
the preset value, the LT1016's outputs (non-inverting
output shown in Trace C) reverse. This provides ideal
turn-on drive for01 and it cuts off 02 (02 emitter is Trace D)
in 5ns. The delay from the onset of excessive load current
to complete shutdown is just 13ns. Once the circuit has
triggered, the LT1016 is held in its latched state by feed-
back from the non-inverting output. When the load fault
has been cleared the pushbutton can be used to reset the
circuit.
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CURRENT
LT·1004 SET

1.2V lk

2200 470

330 330
+5V

JOl
-=

Figure 41. Operating Waveforms for the 12ns Circuit
Breaker. Circuit Output (Trace D) Starts to Shut Down
12ns after Output Current (Trace B) Begins to Rise

50MHz Trigger

Counters and other instruments require a trigger circuit.
Designing a fast, stable trigger is not easy, and often en-
tails a considerable amount of discrete circuitry. Figure 42
shows a simple trigger with 1OOmVsensitivity at 50M Hz.
The FETs comprise a simple high speed buffer and the
LT1016 compares the buffer's output to the potential at
the "trigger level" potentiometer, which may be either

polarity. The 10k resistor provides hysteresis, elim-
inating "chattering" caused by noisy input signals.
Figure 43 shows the trigger's response (Trace B) to a
50MHz sine wave (Trace A). To calibrate this circuit,
ground the input and adjust the' 'input zero" control for
OV at Q2's drain terminal.

2.5k
TRIGGER
LEVEL

MOUNT FET5 TOGETHER
l00mV SENSITIVITY AT 50MHz
lDELAY TYPICALLY 12n5
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About Bypass Capacitors

Bypass capacitors are used to maintain low power supply
impedance at the point of load. Parasitic resistance and
inductance in supply lines mean that the power supply
impedance can be quite high. As frequency goes up, the
inductive parasitic becomes particularly troublesome.
Even if these parasitic terms did not exist, or if local
regulation is used, bypassing is still necessary because
no power supply or regulator has zero output impedance
at 100MHz. What type of bypass capacitor to use is
determined by the application, frequency domain of the
circuit, cost, board space and many other considera-
tions. Some useful generalizations can be made.

All capacitors contain parasitic terms, some of which ap-
pear in Figure A1. In bypass applications, leakage and
dielectric absorption are second order terms but series R
and L are not. These latter terms limit the capacitor's
ability to damp transients and maintain low supply im-
pedance. Bypass capacitors must often be large values

so they can absorb long transients, necessitating elec-
trolytic types which have large series Rand L.

DIELECTRIC
ABSORPTION
TERMS
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combinations have markedly different characteristics.
Which type(s) to use is a matter of passionate debate in
some circles and the test circuit (Figure A2) and accompa-
nying photos are useful. The photos show the response of
5 bypassing methods to the transient generated by the test
circuit. Figure A3 shows an unbypassed line which sags
and ripples badly at large amplitudes. Figure A4 uses an
aluminum 10j.tF electrolytic to considerably cut the dis-

OV:.Fl:
±2.5V

FROM PULSE
GENERATOR

Figure A6. Response of 1DjLF Aluminum Paralleled
by D.D1jLF Ceramic

tUl Udllt.:e, OUI mere IS sun plenty ot potential trouble. A tan-
talum 10j.tF unit offers cleaner response in A5 and the
10j.tF aluminum combined with a O.01j.tF ceramic type is
even better in A6. Combining electrolytics with non-polar-
ized capacitors is a popular way to get good response but
beware of picking the wrong duo. The right (wrong) com-
bination of supply line parasitics and paralleled dissimilar
capacitors can produce a resonant, ringing response, as in
A7. Caveat!

Figure A7. Some Paralleled Combinations can Ring.
Try before Specifying!



About Probes and Oscilloscopes

The oscilloscope-probe combination used in high speed
work is the most important equipment decision the
designer must make. Ideally, the oscilloscope should
have at least 150 MHz bandwidth for work with the
LT1016, but slower instruments are acceptable if their
limitations are well understood. Be aware of your scope's
behavior with respect to input impedance, noise, over-
drive recovery, sweep nonlinearity, triggering, channel-
to-channel feedthrough and other characteristics.

Probes are the most overlooked cause of oscilloscope
mismeasurement. All probes have some effect on the
point they are measuring. The most obvious is input
resistance, but input capacitance usually dominates in a
high speed measurement. Much time can be lost chasing
circuit events which are actually due to improperly
selected or applied probes. An 8pF probe looking at a
1kO source impedance will form an 8ns lag - close to the
LT1016's response time! Low impedance probes, de-
signed for 500 inputs, (with 5000 to 1kO resistance)
usually have input capacitance of 1pF or 2pF. They are a
very good choice if you can stand the low resistance. FET
probes maintain high input resistance and keep capaci-
tance at the 1pF level but have substantially more delay
than passive probes. FET probes also have limitations on
input common-mode range which must be adhered to or
serious measurement errors will result. Contrary to popu-
lar belief, FET probes do not have extremely high input
resistance - some types are as low as 100kO.

Current probes are useful and convenient. The passive
transformer-based types are fast and have less delay
than the Hall effect-based versions. The Hall types,
however, respond at DC and low frequency and the
transformer types typically roll off around 100Hz to 1kHz.
Both types have saturation limitations which, when ex-
ceeded, cause odd results on the CRT which will confuse
the unwary.

When using different probes remember that they all have
different delay times, meaning that apparent timing er-
rors will occur on the CRT. Know what the individual
probe delays are and account for them in interpreting the
CRT display.

By far the greatest source of error in probe use is ground-
ing. Poor probe grounding can cause ripples and discon-
tinuities in the waveform observed. In some cases the
choice and placement of a probe's ground strap will affect
waveforms on another channel. In the worst case, con-
necting the probe's ground wire will virtually disable the
circuit being measured. The cause of these problems is
due to parasitic inductance in the probe's ground con-
nection. In most oscilloscope measurements this is not a
problem, but at nanosecond speeds it becomes critical.
Fast probes are always supplied with a variety of spring
clips and accessories designed to aid in making the
lowest possible inductive connection to ground. Most of
these attachments assume a ground plane is in use,
which it shou Id be. Always try to make the shortest possi-
ble connection to ground - anything longer than 1 inch
may cause trouble.

The simple network of Figure B1 shows just how easy it is
for poorly chosen or used probes to cause bad results. A
9pF input capacitance probe with a 4 inch long ground-
strap monitors the output (Trace B, Figure B2). Although
the input (Trace A) is clean, the output contains ringing.
Using the same probe with a 114 inch spring tip ground
connection accessory seemingly cleans up everything
(Figure B3). However, substituting a 1pF FET probe
(Figure B4) reveals a 50% output amplitude error in
measurement B3! The FET probe's low input capacitance
allows a more accurate version of circuit action. The FET
probe does, however, contribute its own form of error.
Note that the probe's response is tardy by 5ns due to
delay in its active circuitry. Hence, separate measure-
ments with each probe are required to determine ampli-
tude and timing parameters of the output.
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A final form of probe is the human finger. Probing the cir-
cuit with a finger can accentuate desired or undesired ef-
fects, giving clues that may be useful. The finger can be
used to introduce stray capacitance to a suspected circuit
node while observing results on the CRT. Two fingers,
lightly moistened, can be used to provide an experimental
resistance path. Some high speed engineers are par-
ticularly adept at these techniques and can estimate the
capacitive and resistive effects created with surprising
accuracy.
Examples of the probes discussed, along with different
forms of grounding implements, are shown in Figure B5.
Probes A, B, E, and F are standard types equipped with
various forms of low impedance grounding attachments.

The conventional ground lead used on G is more conven-
ient to work with but will cause ringing and other effects at
high frequencies, rendering it useless. H has a very short
ground lead. This is better, but can still cause trouble at
high speeds. 0 is a FET probe. The active circuitry in the
probe and a very short ground connector ensure low para-
sitic capacitance and inductance. C is a separated FET
probe attenuator head. Such heads allow the probe to be
used at higher voltage levels (e.g., ± 10V or ± 100V).
The miniature coaxial connector shown can be mounted on
the circuit board and the probe mated with it. This tech-
nique provides the lowest possible parasitic inductance in
the ground path and is especially recommended.

PULSE INPUT~OP~OUTPUT

l~n Ik
- -- -

Figure 82. Test Circuit Output with 9pF Probe and
4 Inch Ground Strap

Figure 83. Test Circuit Output with 9pF Probe and
0.25 Inch Ground Strap

C D E F

I It J
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I is a current probe. A ground connection is not usually
required. However, at high speeds the ground connection
may result in a cleaner CRT presentation. Because no
current flows in the ground lead of these probes, a long
strap is usually permissible. J is typical of the finger
probes described in the text. Note the ground strap on the
third finger.

The low inductance ground connectors shown are
available from probe manufacturers and are always sup-
plied with good quality, high frequency probes. Because
most oscilloscope measurements do not require them,
they invariably become lost. There is no substitute for
these devices when they are needed, so it is prudent to
take care of them. This is especially applicable to the
ground strap on the finger probe.

APPENDIX C
About Ground Planes

Many times in high frequency circuit layout the term
"ground plane" is used, most often as a mystical and i11-
defined cure to spurious circuit operation. In fact, there is
little mystery to the usefulness and operation of ground
planes, and like many phenomena, their fundamental
operational principle is surprisingly simple.

Ground planes are primarily useful for minimizing circuit
inductance. They do this by utilizing basic magnetic
theory. Current flowing in a wire produces an associated
magnetic field. The field's strength is proportional to the
current and inversely related to the distance from the con-
ductor. Thus, we can visualize a wire carrying current
(Figure C1) surrounded by radii of magnetic field. The
unbounded field becomes smaller with distance. Awire's
inductance is defined as the energy stored in the field set
up by the wire's current. To compute the wire's induct-
ance requires integrating the field over the wire's length

and the total radial area of the field. This implies in-
tegrating on the radius from R= Rw to infinity, a very
large number. However, consider the case where we have
two wires in space carrying the same current in either
direction (Figure C2). The fields produced cancel.

In this case, the inductance is much smaller than in the
sample wire case and can be made arbitrarily small by
reducing the distance between the two wires. This reduc-
tion of inductance between current carrying conductors
is the underlying reason for ground planes. In a normal
circuit, the path current takes from the signal source,
through its conductor and back to ground includes a large
loop area. This produces a large inductance for this con-
ductor which can cause ringing due to LRC effects. It is
worth noting that 10nH at 100MHz has an impedance of
60. At 10mA a 60mV drop results.

A ground plane provides a return path directly under the
signal carrying conductor through which return current
can flow. The conductor's small physical separation
means the inductance is low. Return current has a direct
path to ground, regardless of the number of branches
associated with the conductor. Currents will always flow
through the return path of lowest impedance. In a properly
designed ground plane this path is directly under the
signal conductor. In a practical circuit it is desirable to
"ground plane" one whole side of the PC card (usually
the component side for wave solder considerations) and
run the signal conductors on the other side. This will give
a low inductance path for all the return currents.

Aside from minimizing parasitic inductance, ground
planes have additional benefits. Their flat surface mini-
mizes resistive losses due to AC "skin effect" (AC cur-
rents travel along a conductor's surface). Additionally,
they aid the circuit's high frequency stability by referring
stray capacitances to ground.
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Some practical hints for ground planes are:
1. Ground plane as much area as possible on the compo-
nent side of the board, especially under traces that
operate at high frequency.

2. Mount components that conduct substantial fast rise
currents (termination resistors, ICs, transistors, decou-
piing capacitors) as close to the board as possible.

3. Where common ground potential is important (i.e., at
comparator inputs), try to single point the critical com-
ponents into the ground plane to avoid voltage drops.

For example, in Figure C3's common AID circuit, good
practice would dictate that grounds 2, 3, 4 and 6 be as
close to single point as possible.

Fast, large currents must flow through R1 , R2, D1 and D2
during the DAC settle time. Therefore, D1, D2, R1 and R2
should be mounted close to the ground plane to minimize
their inductance. R3 and C1 don't carry any current, so
their inductance is less important; they could be vertically
inserted to save space and to allow point 4 to be single
point common with 2, 3 and 6. In critical circuits the
designer must often trade off the beneficial effects of
lowered inductance versus the loss of single point
ground.

4. Keep trace length short. Inductance varies directly
with length and no ground plane will achieve perfect
cancellation.

-=-0 -=-@
Figure C3. Typical Grounding Scheme

APPENDIX 0

Measuring Equipment Response

The 1Ons response time of the LT1 016 and the circuitry it
is used in will challenge the best test equipment. Many of
the measurements made utilize equipment near the limit
of its capabilities. It is a good idea to verify parameters
such as probe and scope rise time and differences in

delays between probes and even oscilloscope channels.
To do this, a source of very fast, clean pulses is
necessary. The circuit shown in Figure D1 uses a tunnel
diode to generate a pulse with a rise time well under 1ns.

RISE TIME
PULSE GENERATOR

50kHJUlJ1.. lk

OUTPUT
50kHz
100mV
< lns RISE TIME (TYP 300ps)

GERMANIUM
POWER

OEVICES
ANDOVER, MA.

TD-263B

Figure 01. Tunnel Diode-Based 1ns Rise Time Pulse Generator



Figure C2 shows that the pulse is also very clean, with no
attendant ringing or noise. In this photo the pulse is used
to check a probe-scope combination with a specified
1.4ns rise time. The display shows that the equipment is
being properly used and is in specification. Using the
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tunnel diode generator to perform tests such as this can
save countless hours pursuing "circuit problems,"
which in reality are caused by misapplied or out of spec
equipment.

Figure 02. Figure 01 's Output Monitored
on a 275M Hz Oscilloscope

About Level Shifts

The TTL output of the LT1016 will interface with many
circuits directly. Many applications, however, require
some form of level shifting of the output swing. With
LT1 016-based circuits this is not trivial because it is desir-
able to maintain very low delay in the level shifting stage.
When designing level shifters, keep in mind that the TTL
output of the LT1 016 is a sink-source pair (Figure E1) with
good ability to drive capacitance (such as feedforward
capacitors) .

Figure E2 shows a non-inverting voltage gain stage with a
15V output. When the LT1016 switches, the base-emitter
voltages at the 2N2369 reverse, causing it to switch very
quickly. The 2N3866 emitter-follower gives a low im-
pedance output and the Schottky diode aids current sink
capability.

NON-INVERTING VOLTAGE GAIN
tRISE=4ns
I FALL =5n5
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Figure E3 is a very versatile stage. It features a bipolar
swing which may be programmed by varying the output
transistor's supplies. This 3ns delay stage is ideal for
driving FET switch gates. 01, a gated current source,
switches the Baker-clamped output transistor, 02. The
heavy feedforward capacitor from the LT1016 is the key to
low delay, providing 02's base with nearly ideal drive. This
capacitor loads the LT1016's output transition (Trace A,
Figure E5), but02's switching is clean (Trace B, Figure E5)
with 3ns delay on the rise and fall of the pulse.

tRISE= 7ns
tFALl=9ns
NON· INVERTING VOLTAGE GAIN

Figure E4 is similar to E2 except that a sink transistor has
replaced the Schottky diode. The two emitter-followers
drive a power MOSFET which switches 1A at 15V. Most
of the 7ns-9ns delay in this stage occurs in the MOSFET
and the 2N2369.

When designing level shifters, remember to use tran-
sistors with fast switching times and high fT 'so To get the
kind of results shown, switching times in the ns range
and fT'S approaching 1GHz are required.

+ 5V OUTPUT TRANSISTOR SUPPLIES
OUTPUT (SHOWN IN HEAVY LINES)

02 -lOV CAN BE REFERENCED ANYWHERE BETWEEN
2N2369 +15V AND -15V

HP5082·2810
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Designs for High Performance Voltage-to-Frequency
Converters

Monolithic, modular and hybrid technologies have been
used to implement voltage-to-frequency converters. A
number of types are commercially available and overall
performance is adequate to meet many requirements. In
many cases, however, very high performance or special
characteristics are required and available units will not
work. In these instances V - F circuits specifically opti-
mized for the desired parameter(s) are required. This ap-
plication note presents examples of circuits which offer
substantially improved performance over commercially
available V - Fs. Various approaches (see Box Section,
"V - F Design Techniques") permit improvements in
speed, dynamic range, stability and linearity. Other cir-
cuits feature low voltage operation, sine wave output and
deliberate nonlinear transfer functions.

Ultra·High Speed 1Hz-100MHz V - F Converter

Figure 1's circuit uses a variety of circuit methods to
achieve wider dynamic range and higher speed than any
commercial V - F. Rocketing along at 100MHz full-scale
(10% overrange to 110MHz is provided), it leaves all other
V - Fs far behind. The circuit's 160dB dynamic range
(8 decades) allows continuous operation down to 1Hz. Ad-
ditional specifications include 0.06% linearity, 25ppm/oC
gain temperature coefficient, 50nV/oC (0.5Hz/oC) zero shift
and a OVto 10V input range.

In this circuit an LTC1052 chopper-stabilized amplifier
servo-biases a crude but wide range V - F converter. The
V - F output drives a charge pump. The averaged differ-
ence between the charge pump's output and the circuit's
input biases the servo amplifier, closing a control loop
around the wide range V - F.The circuit's wide dynamic
range and high speed are derived from the basic V - F's
characteristics. The chopper-stabilized amplifier and
charge pump stabilize the circuit's operating point, con-
tributing high linearity and low drift. The LTC1052's
50nV/oC offset drift allows the circuit's 100nV/Hz gain
slope, permitting operation down to 1Hz.

The positive input voltage causes A1, the servo amplifier,
to swing positive. The 2N3904 current sink pulls current
(Trace A, Figure 2) from the varactor diode, serving as an
integrating capacitor. A3 unloads the varactor and biases
a trigger made up Of the ECL gate and its associated
components. This circuit, similar to those employed in
oscilloscope triggering applications, features voltage
threshold hysteresis and 1ns response time. When A3
ramps to the trigger's lower trip point, its outputs reverse
state. The inverting output, operating as an unterminated
emitter-follower, deposits a fast positive current spike
(Trace B) into the varactor diode integrator. The
trigger-gate's complementary output goes low (Trace C),
clocking the ECL -;-16 counter. This counter's output
(Trace D), level shifted by the differential pair of 2N5160s,
feeds the 4013 flip-flop. The 4013's square wave drive
(Trace E)to the LTC1043provides charge pump action. The
switch-capacitor pairs in the LTC1043run out of phase and
charge is pumped (Trace F) from A1's positive input on
each edge of the LTC1043's square wave input. The
amount of charge delivered per cycle is primarily
dependent on the LT1009voltage reference and the 100pF
value of the capacitors (Q = CV). The slight difference
between the charge delivered on the clock's rising and
falling edge is due to capacitor tolerances and does not
influence circuit operation. The charge pump's overall
accuracy is determined by the stability of the LT1009 and
the capacitors and the low charge injection of the
LTC1043. The ECL counter and the flip-flop divide the
trigger's output by 32, setting the LTC1043's maximum
switching frequency at about 3MHz (100MHz+ 32); within
its specified operating range. The 0.221lF capacitor
integrates the pumping action to DC. The averaged
difference between the positive input-derived current and
the .charge pump-feedback signal is amplified by A1,
which servo-controls the circuit's operating point. The
compensation capacitor at A1 provides stable loop
compensation. Nonlinearity and drift in the basic V - F
circuit are compensated by A1's servo action, resulting in
the high linearity and low drift previously noted.
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Figure2. lHz-l00MHz V-F Waveforms
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Some special techniques are required for this circuit to
achieve its specifications. A2, driven from the input volt·
age, provides DC bias for the varactor diode·integrating
capacitor. This DC bias causes the varactor's capacitance
to vary inversely with input, helping the circuit achieve its
a-decade dynamic range. The 1J.lFcapacitor, in series with
the varactor, gives the relatively large ramp currents a low
impedance path to ground. The 1000Mn resistor in the cur·
rent sink sources enough current to swamp the effects of
all leakages from the 2N3904 collector. This ensures that
current must always be sunk from the varactor-integrator
to sustain oscillation, even at the very lowest frequencies.

The 200k-diode combination in the 2N3904's emitter re-
duces low frequency jitter. It does this by reducing current
sink noise at low frequencies by increasing emitter re-
sistance at low base bias voltages.

The 2k pull-down resistor at the trigger input ensures
clean, quick transitions at low ramp slew rates, aiding low
frequency jitter performance.

The 5k input resistor specified has a temperature coeffi-
cient which opposes that of the polystyrene capacitors in
the charge pump. This reduces the effect of their tempco,
lowering overall circuit gain drift.

A4 supplies a small, input-related current to the charge
pump's voltage reference, correcting nonlinear terms due
to residual charge imbalance in the lTC1043. The input-de-
rived correction is effective because the effect of this im-
balance varies directly with frequency.

The 100MHz full-scale frequency sets stringent restric-
tions on oscillator cycle time. At this frequency only 10ns
is available for a complete ramp-and-reset sequence. The
ultimate limitation on speed in the circuit is the time
required to reset the varactor-integrator. Figure 3 shows
high speed details. The combination of a small amplitude
ramp and fast ECl switching yields the necessary high
speed operation. Trace A is the ramp and Trace B is the
reset current from the ECl gate's open emitter. Note that
reset occurs in 3.5ns, with little aberration or overshoot.

Figure 4 plots output frequency jitter as a function of
frequency. At 100MHz, jitter is 0.01%, falling to about
0.002% at 1MHz. In this range the jitter is dominated by
noise in the current source and ECl inputs. Below this,
jitter slowly rises as operating frequency approaches the
servo amplifier's roll-off. At 1kHz (10pprn of full-scale) jitter
is still below 1%, with about 10% jitter at 1Hz (0.01ppm)
for CCOMP=1J.lF. With CCOMP=0.1J.lF, jitter increases
below 1kHz and operation below 10Hz is not possible due
to loop instability and A1's noise floor. The trade-off is
loop settling time. With the larger compensation capacitor
the loop settles in 600ms. The 0.1J.lFvalue permits 60ms
settling.

To calibrate this circuit, apply 10.000V and trim the
100MHz adjustment for 100.00MHz at the output. If a fast
enough counter is not available, the -;.32 signal at pin 16
of the lTC1043 will read 3.1250MHz. Next, ground the
input, install CCOMP= 1J.lFand adjust the "1 Hz trim" until
the circuit oscillates at 1Hz. Finally, set the "linearity trim"
for 50.00MHz for a 5.000V input. Repeat these adjustments
until all three points are fixed.

1 10 100 lk 10k 100k 1M lOM100M
FREOUENCY (Hz)

0.000001 0.0001 0.01 0.1 1 10 100
PERCENT OF FULL-SCALE
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Fast Response 1Hz-2.5MHz V - F Converter

Figure 5's circuit is not nearly as fast as Figure 1's, but its
2.5MHz output settles from a full-scale input step in only
31's. This makes the circuit a good candidate for FM
applications or any area where fast response to input
movement is required. Linearity is 0.05% with a 50ppm/oC
gain tempco. A chopper-stabilized correction network
holds zero point error to 0.025Hz/oC. This circuit, a high
speed charge-dispensing type (see Box Section) also uses

charge feedback. The charge feedback scheme used is a
highly modified, high speed variant of the approach origi-
nally described by R. A. Pease (see References). A servo
amplifier is not used, permitting fast response to input
steps. Instead, the charge is fed back directly to the oscil-
lator, which can respond immediately. Although this
approach permits fast response, it also requires attention
to parasitics to achieve high linearity and low drift.

360
OUTPUT
lHz-2.5MHz

'TRW MTR·51 + 120ppm/'C
t POLYSTYRENE"'* = lN4148



Application Note 14

When an input voltage is applied, A1 integrates in a nega-
tive direction (Trace A, Figure 6). When its output crosses
zero, A2's output switches, causing the paralleled invert-
ers to go low (Trace B). The feedforward network in A2's
negative input aids response. This causes the LT1004-
diode bridge to bound at - 2.4V (- Vz LT1004)+ (- 2VFWO).
Local positive feedback at A2's positive input (Trace C) re-
inforces this action. During this interval, charge is pulled
(Trace D) from A1's summing junction via the 50pF-50k
combination, forcing A1's output to move quickly positive.
This causes the A2-inverter combination to switch positive
(Trace B), bounding the LT1004-diode bridge at + 2.4V.
Now the 50pF capacitor receives charge, while A1 again
integrates negative, and the entire cycle repeats. The
frequency of this action is a linear function of the input
voltage.

D1 and D2 compensate the diodes in the bridge. Diode-
connected 01 compensates steering diode 02. (The diode-
connected transistors provide lower leakage from the
summing junction than conventional diodes.) A3, a
chopper-stabilized op amp, offset stabilizes A1, eliminat-
ing the necessity for zero trimming.

M guards against circuit latch-up, which can occur due to
the AC-coupled feedback loop. If the circuit latches, A1's
output goes to the negative rail and stays there. This
causes M's output (M is used in emitter-follower output
mode) to go high. A1's output now heads positive, initiat-
ing normal circuit behavior. The diode at A1's negative in·

B=10V/DIV

C=500mV/OIV

0= 1OmA/0IV

put ensures that the start-up loop will dominate over any
input condition.

The 50k resistor across the 50pF charge-dispensing
capacitor improves linearity by permitting complete dis·
charge on each cycle, despite junction tailing effects in
02. The input resistor specified has a temperature coeffi-
cient opposite that of the capacitor's, enhancing circuit
gain tempco.

Figure 7 shows circuit step response. Trace A is the in-
put, while Trace B is the output. Frequency shift is quick
and clean, with no evidence of poor dynamics or time
constants.

To trim the circuit, apply 5.000V and adjust the 5k poten-
tiometer for a 2.500MHz output. A3's low offset eliminates
the requirement for a zero trim. The circuit maintains
0.05% linearity with 50ppm/oC drift from 1Hz to 2.5MHz.
A TIL-compatible output is available at 03's collector
(Trace E). A 10MHz full scale circuit of this type appears
in AN13.

High Stability Quartz Stabilized V - F Converter

The gain temperature coefficient of the previous circuits is
affected by drift in the charge pumping capacitors.
Although compensation schemes were employed in both
cases to minimize the effect of this drift, another
approach is required to get significantly lower gain drift.
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Figure 8's circuit reduces gain TC to 5ppm/oC by replacing
the capacitor with a quartz-stabilized clock.

In charge pump-based circuits the feedback is based on
0= CV. In a quartz-stabilized circuit the feedback is based
on 0 = IT,where I is a stable current source and T is an in-
terval of time derived from the clock.

Figure 9 details Figure 8's waveforms of operation. A posi-
tive input voltage causes A1 to integrate in the negative
direction (Trace A, Figure 9). The flip-flop's 01 output
(Trace B) changes state at the first positive-going clock
edge after A1's output has crossed the 0 input's switching

24k 2k
VI5HAY 10kHz

INPUT 5-102 TRIM

OV-10V

threshold. The 50kHz clock (Trace C) comes from the flip-
flop's other half, which is driven by A2, a quartz-stabilized
relaxation oscillator. The flip-flop's 01 output controls the
gating of a precision current sink composed of A3, the
LM199 voltage reference, a FET and the LTC1043 switch.
When A1 is integrating negative, the 01 output is high and
the LTC1043 directs the current sink's output to ground via
pins 11 and 7. When A1's output crosses the 0 input's
switching threshold, 01 goes low at the first positive clock
edge. LTC1043 pins 11 and 8 close and a precise, quickly
rising current flows out of A1's summing point (Trace D).

51 R1 52

01

CK1
74C74

3_5k
VI5HAY 5-102

-15V

A=O.5V/0IV
(AC COUPLED)

B~20V/0IV
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This current, scaled to be greater than the maximum
signal·derived input current, causes A1's output to reverse
direction. At the first positive clock pulse after A1's output
crosses the 0 input's trip point, switching again occurs
and the entire process repeats. The repetition frequency
depends on the input·derived current, hence the frequency
of oscillation is directly related to the input voltage. The
circuit's output may be taken from the flip·flop's 01 or 01
outputs. Because this circuit replaces the capacitor with a
quartz·locked clock, temperature drift is low, typically
5ppm/oC. The quartz crystal contributes about 0.5ppm/oC,
with the remaining drift a function of the current source
components, switching time variations and the input
resistor.

The reverse·biased 2N3904s serve as zener diodes, provid·
ing about 15V across the CMOS flip·flop. The diodes at the
01 input prevent transient overdrive from A1 during circuit
start·up.

A V - F of this type is usually restricted to relatively low
full·scale frequencies, e.g., 10kHz-100kHz, because of
speed limitations in accurately switching the current sink.

INPUT MUX TRUTH TABLE
A B FUNCTION
1 1 ZERO
0 1 SIGNAL
1 0 REFERENCE

Application Note 14

Additionally, short term frequency jitter may occur be·
cause of the uncertain timing relationship between A1's
output switching the flip·flop and the clock phase. This is
normally not a problem because the circuit's output is
usually read over many cycles, e.g., 0.1 to 1 second.

As shown circuit linearity is 0.005%, gain temperature
coefficient is 5ppm/oC and full·scale frequency is 10kHz.
The LT1056's low input offset reduces zero point error to
0.005Hz/oC. To trim this circuit, apply exactly 10V in and
adjust the 2k potentiometer for 1O.OOOkHzoutput.

Ultra·Linear V - F Converter

Figure 10 shows a V - F circuit optimized for very high
linearity. Although it may be used in a "stand·alone" mode
it is specifically intended for processor·driven applica·
tions which require 17·bit accuracy, such as weighing
scales. This V - F has a resolution of 1ppm, with lin·
earity inside 7ppm (0.0007%). When combined with a proc-
essor·driven gain/zero calibration loop it has negligible
zero and gain drift. To further ease interface with
processor-based systems, the circuit functions from a
single 5V power supply.

21,F~I ~----16
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The circuit is conceptually similar to the 100MHz V - F
of Figure 1. A1 servo-controls a crude V - F converter
composed of 01, in this case a current source, and the
74C04 gates. The V - F's output is divided digitally and
drives a charge pump whose output closes a loop back at
At In Figure 1's case, the crude V - F's output was
divided down to permit the LTC1043to function; it cannot
operate at 100MHz toggle rates. Here, the divider's
purpose is to lower the toggle frequency, allowing the
charge pump to achieve much higher precision than with
direct feedback.

Before discussing processor-driven operation it is
necessary to understand basic circuit operation. To do
this, delete A2 and RZERO. Assume a positive voltage is
applied to the left end of the 200k resistor which was
previously connected to A2. This forces A1's output to
move negatively, turning on 01. A1's collector (Trace A,
Figure 11)ramps the 330pF capacitor positively. When this
ramp crosses the 74C04 inverter's threshold, its output
moves toward ground, causing the entire chain to switch.
AC positive feedback from the paralleled outputs
enhances switching. The output inverter's signal (Trace B),
the circuit's output, also drives the .;.100 counter chain.
The counter's output (Trace C) clocks the LTC1043 which
is configured to pump negative charge (Trace D) into the
200k-2k-2IlF junction. The 21lF capacitor integrates the
discrete charge events to DC, closing a loop around A1.
Thus, A1 biases 01 at whatever point is required to
maintain its inputs at balance. This forces the crude
V - F's output frequency to be a direct function of the

input voltage over a 0-1 MHz output range. The relatively
low LTC1043 clock frequency furnished by the dividers
permits 0.0007% V - F linearity.

For processor-driven auto-zero/gain loop operation, the
input multiplexer and RZERO must be added. With the
multiplexer set to the "zero" function (see Truth Table),
A2's input is grounded and the 200k resistor receives no
drive. A1 receives bias via RZERO, however, and the circuit
oscillates around 100kHz. After the processor has read
this frequency it shifts the multiplexer to the "signal"
function. Here, A2's output is a buffered version of the
signal input. The circuit's output frequency is now
determined by this input and the current through RZERO.
Typical outputs will range from 100kHz to 1MHz. After
reading this frequency the processor selects the
"reference" multiplexer state and determines the
frequency produced. The reference voltage must be
greater than the largest signal input. It may be either a
stable potential or one ratiometrically related to the signal
input, as is the case in many transducer-based systems.
Typically, it will produce a 1.1MHz output. Once this
measurement sequence is completed the processor has
enough information to determine the value of the signal
input by mathematical manipulation. Additionally,
because the multiplexing sequence occurs relatively
quickly, drifts in the V - F are cancelled. No precision
components are required, although the polystyrene
capacitor is needed for high linearity. The circuit's 7ppm
linearity and 1ppm resolution will suit almost all
applications, although processor techniques could be
used to obtain even better linearity.
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Single Cell V - F Converter

High speed and precision are not the only areas where
special V - F circuits are needed. Figure 12 shows a
circuit which runs from a single 1.5V cell with only 1251lA
current drain. The circuit uses an LT1017 dual micropower
comparator in a servo-controlled charge pump configura-
tion. The input is applied to C1, which is compensated by
the 10llF and 11lF capacitors to act as an op amp. C1's
output drives the 110k-O.02IlF RC, causing the capacitor to
ramp (Trace A, Figure 13).

During the ramp, C2's output is high, turning off 01 and
biasing 02 on. The potential across the 03-04 VSEvoltage
reference (Trace B) is zero. The O.01IlF capacitor receives
no charge. When the ramp equals the potential at C2's
positive input, switching occurs. C2's output goes low,
and the O.02IlF unit discharges. AC positive feedback
(Trace C) "hangs up" C2 long enough for a ramp reset of
about BOmV. Concurrently, 01 comes on and 02 goes off.
The 03-04 reference comes on (Trace B) and charges the
O.01IlFcapacitor via 06.

-.f ~HP5082·2810

""*~lN4148

THERMALLY COUPLE 03. 05 ANO 06
NPN~2N3904. PNP~2N3906
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When the positive feedback at C2 ceases, its output
returns high, cutting off 01 and biasing 02. Now, the
0.011lFcapacitor discharges, forcing current to flow from
C1's 2.21lFsumming point capacitor (Trace D) via 05 and
02. C1 servo-controls this oscillator to whatever frequency
is required to maintain C1's summing point near zero.
Since the current into C1's input is a linear function of the
input voltage, oscillator frequency is also linear. The
11lF-10k combination at C1 provides loop stability. The
100k resistor across the 0.011lF capacitor influences its
discharge characteristic, aiding overall circuit linearity.

The temperature coefficient of the 1.2V 03-04 reference
is largely compensated by the junction tempcos of 05 and

+15V

SOk
2k 10HZ'

100kHz DISTORTION
DISTORTION TRIM

9.09k- TRIM - 15V

T
20PF

·1 % FILM RESISTOR-tf = HP50B2-2B10

...••• = 1N414B

06, giving the circuit a 250ppm/oC gain drift. Battery
discharge introduces less than 1% error over 1000 hours
operation.

Sine Wave Output V - F Converter

Almost all V - F converters have a pulse or square wave
output. Many applications such as audio, filter testing and
automatic test equipment require a sine wave output. The
circuit of Figure 14 meets this need, spanning a 1Hz to
100kHz range (100dB or 5 decades) for a OVto 10V input. It
is significantly faster than previously published circuits
while maintaining 0.1% frequency linearity and 0.2%
distortion specifications.
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To understand the circuit, assume C1 is low, cutting off
01. The positive input voltage is inverted by A3, which
biases the summing node of integrator A1 through the 5k
resistor and the self-biased FETs. A current, -I, is pulled
from the summing point. A1's output (Trace A, Figure 15)
integrates positive until C1's input crosses OV.When this
happens, C1's output goes positive (Trace B), allowing 01
to come on. The resistor in 01's path is scaled to produce
a current, + 21, exactly twice the absolute magnitude of
the current, -I, being removed from the summing node.
As a result, the net current into the junction becomes + I
and A1 integrates negatively at the same rate its positive
excursion took. When A1 integrates far enough in the
negative direction, C1's positive input crosses zero and it
again switches. This turns 01 off and the entire cycle
repeats. The result is a triangle waveform at A1's output.
The frequency of this triangle is dependent on the circuit's
input voltage and varies from 1Hz to 100kHz with a OV-10V
input. The LM329 diode bridge and the series-parallel
diodes provide a stable bipolar reference which always
opposes the sign of A1's output ramp. The Schottky
diodes bound C1's positive input, assuring it clean
recovery from overdrive. The A0639 trigonometric function
generator, biased via A2, converts A1's triangle output into
a sine wave (Trace C). The A0639 must be supplied with a
triangle wave which does not vary in amplitude or output
distortion will result. At high frequencies, delays in the A1
integrator switching loop result in late turn on and turn off
of 01. If the effects of the delays are not minimized,

C~5V/DIV

D=5V/DIV
(0.07% DISTORTION)

triangle amplitude will increase with frequency, causing
distortion level to also increase with frequency. The 15pF
feedforward network at C1's input compensates the delay,
keeping distortion to just 0.2% over the entire 100kHz
range. At 10kHz, distortion is inside 0.07%. The effects of
gate-source charge transfer, which happens whenever 01
switches, are minimized by the 20pF unit in 01's source
line. Without this capacitor, a sharp spike would occur at
the triangle peaks, increasing distortion. The 02-03 FETs
compensate the temperature-dependent on-resistance of
01, keeping the + 21/-1 relationship constant with
temperature. Circuit gain TC is 150ppm and zero point drift
is 0.1 Hz/oC.

This circuit features extremely fast response to input
changes, something most sine wave circuits cannot do.
Figure 16 shows what happens when the input switches
between two levels (Trace A). The circuit's output (Trace B)
shifts frequency immediately, with no glitching or poor
dynamics.

To adjust this circuit, put in 10.00V and trim the 2k pot for a
symmetrical triangle output at At Next, put in 100/LVand
trim the 50k pot for triangle symmetry. Then, put in 10.00V
again and trim the 5k "frequency trim" adjustment for a
100.0kHz output frequency. Finally, adjust the "distortion
trim" potentiometers for minimum distortion as measured
on a distortion analyzer (Trace 0). Slight readjustment of
the other potentiometers may be required to get lowest
possible distortion.
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1/X Transfer Function V - F Converters

Another dimension in V - F design is converters which
have a deliberate nonlinear transfer function. Such con-
verters are useful in linearizing outputs from transducers
such as gas sensors and flow meters. Figure 17's circuit
converts input voltages of OV to 10V to an output
frequency of 1kHz to 2Hz with a 0.05% accurate 1/X
conformity.

A1 integrates current from the LT10092.5V reference. A1's
negative output ramp (Trace A, Figure 18) is compared at
C1 to the input voltage via a current summing network.
When C1's input goes negative, its output (Trace B) falls,
triggering the flip-flop (Trace C) 0 output high. This turns
on 01, resetting the ramp. When the ramp reset gets very

near ground, C2 triggers low (Trace 0), resetting the 0
output low. This turns off 01, allowing the ramp to begin
again and the entire cycle repeats. Waveforms E, F,G and
H are expanded versions of A through 0, respectively, and
show detail of the ramp resetting sequence.

In most V - F converters the input signal controls the
integrator slope. Here the integrator runs at a fixed slope.
The length of time the integrator requires to cross the
input voltage is inversely proportional to the input's
amplitude and loop oscillation is related by 1/X to the
input. The ramp reset time is a first order error term
because it is lost in the integration. At low frequencies the

O"T
Figure 17. _1- - Frequency Converter

E1N

A=100mV/DIV

B=50V/DIV
C=50V/DIV

D=50V/DIV
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F=20V/DIV

G=20V/DIV

H=20V/DIV

A, B, C, 0 HORIZONTAL= 100"s/01V
E, F, G, H HORIZONTAL=200ns/DIV

Figure 18. _I - - Frequency Converter Waveforms
E1N
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ramp reset time is a small term, even though reset takes
longer (because the ramp had to run to a higher amplitude
to cross the input). At higher frequencies, even though it is
shorter, the reset period becomes significant because its
"dead time" is a substantial percentage of the oscillation
frequency. The 2 comparator·flip·flop reset scheme reo
duces this error by adaptively controlling and minimizing
the ramp reset time, regardless of peak ramp amplitude. A
simple fixed AC feedback scheme would not do this
because its time constant would have to be long enough
to resetthe ramp from large peak amplitudes (e.g., at low
frequency). Even with this reset arrangement, the circuit's

0.05% 1/X conformity can only be achieved by limiting
maximum frequency to about 1kHz. It is worth noting that
this circuit has almost ten times the accuracy of analog
multipliers and other analog 1/X computing techniques.
Circuit drift is about 150ppm/oC. To trim the circuit, put in
50mV and adjust the 5k potentiometer for 1kHz output.

Figure 19's 1/X V - F, developed by R. Essaff, provides
better performance, although it is somewhat more
complex. This charge pump class design gives 0.005% 1/X
conformity, 50ppm/oC drift and 10kHz-50Hz outputs for OV
t05Vin.

o B C Vcc 3k

RC
74C221 0.01

Figure 19. Charge Pump _1_ -Frequency Converter
E1N
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A1 and its associated components form an integrator
which ramps positive (Trace A, Figure 20). When A1's
output crosses zero, C1 goes negative (Trace B), triggering
the one-shot. The one-shot output (Trace C) toggles the
LTC1043 switch, transferring charge from EIN to A1's
summing point via the 0.01JLFcapacitor (Trace 0). This
forces A1's output negative by an amount related to the
charge transferred. When charge transfer ceases, A1
again ramps positively. The depth of A1's negative
excursion is directly proportional to EIN, hence loop
oscillation frequency is inversely (1/X)related to EIN.

The circuit's output is taken from the paralleled LTC1043
switch sections.

Because this circuit relies on charge feedback, integrator
reset time does not influence accuracy. The loop runs at
whatever frequency is required to maintain A1's summing
point at zero.

If A1's output ever overruns OV, the oscillator loop will
latch. This condition is detected by C2, which goes high,
driving current into A1's summing point via the low

leakage 2N3904 BE junction. A1's output is forced
negative, and normal circuit operation commences.

This circuit's primary disadvantage is that the input signal
must be capable of supplying substantial current each
time the LTC1043 commutates the 0.01JLFcapacitor to
A1's summing point. The current required varies directly
with input voltage, with 25mA drawn at EIN= 5V. The
optional input buffer shown will provide the necessary
drive, although input voltage range must fall within the
buffer's common-mode limits.

To calibrate this circuit, apply exactly 5V and trim the
200kfl potentiometer for 50Hz output.

EXTransfer Function V - F Converter

Figure 21's V - F circuit responds exponentially to its
input voltage. It is ideally suited to electronic music
synthesizers and, as shown, has a 1V in/octave of fre-
quency out scale factor. Exponential conformity is within
0.13% over a 10Hz-20kHz range and drift is 150ppm/oC.
The circuit has a pulse output and also provides a ramp
output for applications which require substantial power at
the fundamental frequency.

Figure 20. Charge Pump-Based _1_ - Frequency Converter Waveforms
E1N



A 1's 1JLFinput capacitor integrates current from 04's
emitter, forming a ramp at A1's input (Trace A, Figure 22).
When the ramp crosses zero, A1's output flips (Trace B,
Figure 22), causing the LTC1043 to change states. The
O.0012JLFcapacitor, charged to the LT1021's 10V potential,
is switched to pull current from A1's summing point
(Trace C). The 30pF capacitor provides A1's positive input
with positive AC feedback (Trace D), insuring enough time
for a complete discharge of the O.0012JLFunit. This action

·1 % METAL FILM
COUPLEO TRANSISTORS ARE CA3096AE ARRAY
TIE CA3096 SUBSTRATE (PIN 16) TO -15V

lPOLYSTYRENE
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forces A1's input ramp to go in a negative direction,
resetting it toward zero. When the positive AC feedback
around A 1 decays, the cycle repeats. 05 and its associ-
ated components form a start-up loop, insuring proper
circuit start sequence. Start-up conditions or input
overdrive could force A1's output to go to the negative rail
and stay there. If this occurs, 05 comes on, pulling A1's
negative input toward -15V and initializing normal circuit
operation.

20Hz-20kHz
RAMP
OUTPUT

.
o,o'T 22"F

1
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The oscillation frequency of this charge pump class
current-to-frequency converter is linearly related to 04's
emitter current. 04's emitter current, in turn, is
exponentially related to its VSE,which is determined by
the resistors connected to it and the input voltage. This is
in accordance with the well·known relationship between
collector current and VSE in transistors. Normally 04's
operating point would be quite sensitive to temperature,
but it is part of an array which is temperature-stabilized by
the A3 configuration. 01, also part of the array, senses
temperature. A3 compares 01's VSE with a bridge
potential and drives array transistor 03 to close a thermal
control loop. This stabilizes the array, preventing ambient
temperature shifts from influencing 04's operation. 02,
serving as a clamp, ensures against loop lock-up condi-
tions and prevents 03 from ever becoming reverse biased.

With the thermal loop controlling 04, the circuit's expo-
nential behavior is stable and repeatable. The 5M{l value
from 04's collector to A1's positive input introduces a
slight shift in A1's operating point at high frequencies
(e.g., high 04 collector currents). This compensates 04's
bulk emitter resistance term, maintaining good exponen-
tial performance up to 20kHz. The 4.99k resistor sets the
OV input frequency at about 10Hz, while the 250{l value
establishes circuit k factor, nominally 1V in/octave output,
as shown.

To use this circuit, adjust the 2k potentiometer so that
A3's negative input is 100mV above its positive input with
03's base grounded. Next, unground 03's base and the
circuit is ready for use.

R1 = V1 _ Frequency Converter
R2 V2

Figure 23's circuit produces an output frequency
proportional to the ratio of the voltages across two
externally supplied resistors. This circuit has wide
application in transducer signal conditioning. Both R1 and
R2 are ground-referred, preferable for noise considera-
tions.ln this case, R1 is a Platinum resistance sensor, with
R2 being set at the sensor's O°C value. The grounded end
of R2 allows fine trimming with decade boxes without
excessive noise problems. R1's grounded side allows it to
be located at the end of a cable run, with similar noise
rejection properties.

The 6012 DAC serves as a simple source of two identical
currents. The DAC's MSB is set high and all other bits are
low. This sets the DAC's output currents equal. With
constant, equal, currents through them, R1 and R2 pro-
duce a differential voltage which is sampled by the
LTC1043 switch-capacitor configuration. The LTC1043's
internal clock continuously switches the 3900pF capacitor
across the R1-R2 pair and then dumps the charge into
A1's summing point. The quantity of charge delivered per
cycle is a direct function of the voltage difference across
R1 and R2 (0 = CV). A1's output ramps (Trace A, Figure 24)
negative. The ramp is compared to A2's output at C1. A2's
DC output is a function of the 330pF charge pump capaci-
tor at the LTC1043, A2's feedback resistor and the
LTC1043 clock frequency. Because A1 and A2 are receiv-
ing charge at the same rate, LTC1043 oscillator drift
affects each equally and does not contribute error.

When A1's ramp crosses A2's output value, C1 goes high
(Trace B), turning on the FET.AC positive feedback to C1's
positive input (Trace C) ensures a complete discharge for
A1's feedback capacitor. When the feedback ceases, the
cycle repeats. The oscillation frequency is a linear func-
tion of the R1-R2 ratio.

The two polystyrene capacitors at the LTC1043 provide
temperature coefficient cancellation. A2's specified feed-
back resistor compensates A1's polystyrene feedback
capacitor. Overall circuit tempco is about 35ppm/oC. As
shown, a 0°C-100°C excursion at the R1 sensor gives a
OkHz-1kHz output with an accuracy, limited by the sensor,
of 0.35°. This is well outside the dead time error produced
by A1's reset time and the circuit contributes no appreci-
able measurement error. In practice, slight trimming of
R2's value may be required to compensate for individual
R1 tolerances at 0°. The 5k potentiometer trims for 1kHz
out at a 100°C R1 temperature. This circuit may be used
with any resistive based transducer. For negative tempco
devices, reverse the positions of R1 and R2.
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v - F Techniques

There are many ways to convert a voltage to a frequency.
The best approach in an application varies with desired
precision, speed, response time, dynamic range and other
considerations. Figure B1 shows one of the most obvious.
The input drives an integrator. The integrator's ramp slope
varies with the input-derived current. When the ramp
crosses VREF, the comparator turns on the switch,
discharging the capacitor and reinitializing the cycle. The
frequency of this action directly relates to input voltage.
With careful design, one op amp can serve as both
integrator and comparator, providing circuit economy.

A serious drawback to this approach is the capacitor's
discharge-reset time. This time, "lost" in the integration,
results in significant linearity error as operating frequency

approaches it. For example, a 11lsreset interval introduces
0.1% error at 1kHz, rising to 1% at 10kHz. Also, variations
in reset time contribute additional errors. Because of this,
circuit operation is restricted to relatively low frequencies
if good linearity and stability are required. Although
various compensation methods can reduce these errors,
performance is still limited.

Figure B2 gets around B1's problems by enclosing the
integrator in a charge·dispensing loop. In this approach
C1 charges to VREFduring the integrator's ramping time.
When the comparator trips, C1 is discharged into A1's
summing point, forcing its output high. After C1's
discharge, A1 begins to ramp and the cycle repeats.



Because the loop acts to force the average summing
currents to zero, integrator time constant and reset time
do not affect frequency. This approach yields high
linearity (typically 0.01%) up to high frequencies. With
attention to design, converters of this type can be
constructed with a single op amp.

Figure B3 is conceptually similar, except that it uses
feedback current instead of charge to maintain the op
amp's summing point. Each time the op amp's output trips
the comparator, the current sink pulls current from the
summing point. Current is pulled from the summing point
for the timing reference's duration, forcing the integrator
positive. At the end of the current sink's period, the
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integrators output again heads negative. The frequency of
this action is input·related.

Figure 84 uses DC loop correction. This arrangement
offers all the advantages of charge and current balancing
except that response time is slower. Additionally, it can
achieve exceptionally high linearity (0.001%), output
speeds exceeding 100MHz and very wide dynamic range
(16OdB). The DC amplifier controls a relatively crude
V-F. This V - F is 'designed for high speed and wide
dynamic range at the expense of linearity and thermal sta·
bility. The circuit's output switches a charge pump whose
output, integrated to DC, is compared to the input voltage.

EIN

SWITCHED lour ! CAN BE A ONE·SHOT OR
DIGITALLYGENERATED WiTH A
CRYSTAL CLOCK

~

"::' COMPARATCR I
____________ .J

SWITCHED
CURRENT SOURCE
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The DC amplifier ~orces V - F operating frequency to be forces the DAC's LSB to oscillate around the ideal value.
a direct function of input voltage. The DC amplifier's These oscillations are integrated to DC in the loop
frequency compensation capacitor, required because of compensation capacitor. Hence, the circuit will track
loop delays, limits loop response time. Figure B5 is input shifts much smaller than a DAC LSB. Typically, a
similar, except that the charge pump is replaced by digital 12-bit DAC (4096 steps) will yield 1 part in 50,000
counters, a quartz time base and a DAC. Although it is not resolution. Circuit linearity, however, is set by the DAC's
immediately obvious, this circuit's resolution is not specification. An example of this approach appears in
restricted by the DAC's quantizing limitations. The loop AN-13, "High Speed Comparator Techniques".



Circuitry for Single Cell Operation

Portable, battery powered operation of electronic appara-
tus has become increasingly desirable. Medical, remote
data acquisition, power monitoring and other applications
are good candidates for battery operation. In some cir-
cumstances, due to space, power or reliability considera-
tions, it is preferable to operate the circuitry from a single
1.5V cell. Unfortunately, a 1.5V supply eliminates almost
all linear ICs as design candidates. In fact, the LM10 op
amp-reference and the LT1017/LT1018 comparators are
the only IC gain blocks fully specified for 1.5V operation.
Further complications are presented by the 600mVdrop of
silicon transistors and diodes. This limitation consumes a
substantial portion of available supply range, making cir-
cuit design difficult. Additionally, any circuit designed for
1.5Voperation must function at end-of-Iife battery voltage,
typically 1.3V. (See Box Section, "Components For 1.5V
Operation.")

'1% FILM RESISTOR
t25Hz TRIM TYPICALLY 6.2M

THERMALLY MATE 03, 05 and 06
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These restrictions are painful, especially if complex linear
circuit functions such as data converters and sample-
holds are needed. Despite the problems, designing such
circuits is possible by combining considerable attention
to component characteristics with unusual circuit
methods.

10kHz V - F Converter

Figure 1, an example of this approach, is a complete 1.5V
powered 10kHz V- F converter. A 0-1V input produces a
25Hz to 10kHz output, with a transfer linearity of 0.35%.
Gain drift is 250ppm/oC and current consumption about
2051lA.

To understand circuit operation, assume C1's positive in-
put is slightly below it's negative input (C2's output is low).
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The input voltage causes a positive going ramp at C1's
positive input (Trace A, Figure 2). C1's output (Trace B) is
low, biasing 01 on. 01 's collector current drives the 02·03
combination, forcing 02's emitter (Trace C) to clamp at
1V. The 0.001J.lFcapacitor charges to ground (0.001J.lF
unit's current waveform is Trace D)via 05. When the ramp
at C1's positive input goes high enough, C1's output goes
high, cutting off 01, 02 and 03. 04 conducts, pulling cur·
rent from C1's positive input capacitor via 06. This current
removal resets C1's positive input ramp to a potential
slightly below ground, forcing C1's output low. The 100pF
capacitor at 01's collector furnishes AC positive feed·
back, ensuring that C1's output remains positive long
enough for a complete discharge of the 0.001J.lFcapacitor.

C=lV/DIV

D=400pA/DIV

Figure 2. V - F Operating Waveforms

The Schottky diode prevents C1's input from being driven
outside its negative common·mode limit. This action cuts
off 04, 01·03 come on and the entire cycle repeats. The
oscillation frequency directly depends on the input volt·
age derived current. The temperature coefficient of the
02-03 1V clamp is largely compensated by the junction
tempcos of 05 and 06, minimizing overall temperature

10k
lk FULL SCALE

TRIM

'1 % FILM RESISTOR-tf =HP5082-2810

drift. The 270kOresistor path provides an input voltage
derived trip point for C1, enhancing circuit linearity
performance. This resistor should be selected to achieve
the quoted linearity.
Circuit start-up or overdrive can cause the circuit's AC·
coupled feedback loop to latch. If this occurs, C1's output
goes high. C2 detects this, via the 820k·0.22J.lFlag, and
also goes high, lifting C1's negative input towards + 1.5V.
Because C1's positive input is diode clamped at 600mV,
its output switches low, initiating normal circuit behavior.
To calibrate this circuit, select the 100k value for
VCLAMP=1V.Next, apply 2.5mV at the input and select the
resistor value indicated at C1's input for a 25Hz output.
Then, put in exactly 1V and trim the 500kOpotentiometer
for 10kHzoutput.

10 Bit A - 0 Converter
Figure 3 is another data converter circuit. This integrating
A-D converter has a 60ms conversion time, consumes
460J.lAfrom its 1.5Vsupply and maintains 10 bit accuracy
over a 15°C to 35°C temperature range.
A pulse applied to the convert command line (TraceA, Fig-
ure 4)causes 03, operating in inverted mode, to discharge
the 1J.lFcapacitor (Trace B). Simultaneously, 04 is biased
through the 10k·diode path, forcing its collector (Trace D)
low. 03's inverted mode switching results in a capacitor
discharge within 1mV of ground. When the convert com-
mand falls low, 03 goes off, 04's collector lifts, and the
LT1004 stabilized 01·02 current source charges the 1J.lF
unit with a linear ramp. During the time the ramps value is
below the input voltage, C1A's output is low (TraceC).This

20kHz NT CUT

o
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allows pulses from C1B, a quartz stabilized oscillator, to
modulate 04. Output data appears at 04's collector
(Trace 0). When the ramp crosses the input voltages value
C1A's output goes high, biasing 04 and output data
ceases. The number of pulses appearing at the output is
directly proportional to the input voltage. To calibrate this
circuit apply 0.5000Vto the input and trim the 10k poten-
tiometer for exactly 1000pulses out each time the convert
command line is pulsed. No zero trim is required, although
03's inverted 1mV saturation voltage limits zero resolution
t02 LSBs.

Sample· Hold Amplifier

A logical companion to the A- D converter described is a
sample-hold amplifier. A sample-hold is one of the most
difficult circuits to design for 1.5Voperation, primarily be-
cause FET switches with low enough pinch-off voltages
are not available. Two methods are presented here. The
first circuit gets around the switch problem with an ap-

SAMPLE
COMMANO

200mV.J, (INTERNAL)

proach that eliminates the switch. Although an unusual
way to implement a sample·hold, it requires no special
components or trimming, is easy to build and has a 4ms
acquisition time to 0.1%. The second circuit, a more con-
ventional design, requires specially selected and matched
components and is more complex, but offers 125/Ls (0.1%)
acquisition time-a 30x improvement over the other
design.

When a sample command (Figure 5, Trace A) is applied to
the circuit of Figure 6, 01, operating in inverting mode, dis-
charges the 1/LFcapacitor (Trace C). When the sample
command falls, 01 goes off and C1A's internal output
pull·up current source (Trace B) charges the capacitor via
Q2, connected as a low leakage diode. The capacitors
charging ramp is followed by the LM10, which biases
C1B's positive input. When the ramp potential crosses the
circuit's input voltage, applied to C1B's negative input,
C1B's output goes high (Trace 0).

C=O.5V/DIV

D=1V/DIV

HI =OUTPUT VALID
LOW =ACOUIRING

10k
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This forces C1A's output low, and the 1JlFcapacitor stops
charging. Under these conditions, the circuit is in the
"hold" mode. The voltage the capacitor sits at is the same
as the input voltage, and the circuit output is taken at the
LM10. The 10k diode path at C1B provides a latch, prevent-
ing input voltage changes or noise from affecting the
value stored in the 1JlF capacitor. When the next sample
command is received, 03 breaks the latch and circuit ac-
tion repeats.

Acquisition time is directly proportional to input value,
with 4ms required for full-scale (0.5V). Although faster ac-
quisition is possible, the delay in shutting off C1A's output
will degrade accuracy. The circuits primary advantages
are elimination of the FET switch requirement and relative
simplicity. Accuracy is 0.1%, droop rate specs at 10JlV/ms
and current consumption is 350JlA.

Fast Sample·Hold Amplifier

Figure 7, a more conventional approach to a sample-hold,
is significantly faster, but also more complex and has spe-
cial construction requirements. 01 serves as the sample-
hold switch, with 06 and 07 providing a level shift to drive
the gate. To minimize power consumption, a 1500pF feed-
forward path is used for fast gate switching without re-
sorting to high operating currents in 06 and 07. C1A, a

simple squarewave oscillator, drives 04. C1B inverts
C1A's output and biases 05. The transistors serve as syn-
chronous switches and charge is pumped to the 2.2JlF
capacitor at 05's collector, resulting in a negative poten-
tial there.

01's low pinch-off voltage is obtained at the expense of on re-
sistance. The typical RONof 1.5-2kn means the circuit's hold
capacitor must be small if fast acquisition is desired. This
mandates a low bias current output amplifier, or droop
rate will suffer. 02, 03 and A2 meet this need. 02 and 03
are set up as source followers, with the resistors used as
level shifters to keep A2's inputs inside the LM10's com-
mon-mode range. A2's output diode ensures clean dy-
namic performance for voltages close to zero by setting
the LM10's output bias point well above ground. The
180pF capacitor compensates the composite amplifier.

Several special considerations are required to use this cir-
cuit. 01, an extremely low pinch-off device, must be fur-
ther selected for a pinch-off below 500mV to enable proper
turn-off. Also, any VGSmismatch between 02 and 03 will
contribute offset error, and these devices must be se-
lected for VGS matching within 500JlV. Additionally, the
02-03 VGSabsolute value must be inside 500mV or A2 may
encounter common-mode limitations for circuit inputs
near full-scale.

-METAL FILM RESISTORS-RATIO MATCH 0.05%
SELECT 01 FOR ,,0.5V PINCH OFF
MATCH 01. 03 VGSWITHIN SOO"V
(01.03 VGS,,0.5V)
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Finally, mismatches in the resistor level shift contribute a
gain error. To hold 0.1% circuit accuracy, the resistors
should be ratio matched within 0.05%.

Once these special provisions have been attended to, the
circuit delivers excellent specifications for a 1.5V powered
sample·hold. Acquisition time is 125/Ls to 0.1 % with a
droop rate of 10/LV/ms. Current consumption is inside
700/LA.

Figure 8 shows the circuit acquiring a full·scale input.
Trace A is the sample·hold command, while Trace B is the
circuit's output. Trace C, an amplitude expanded version
of B, shows acquisition detail. The input is acquired within
125/Lsand sample·to·hold offset is within a millivolt.

Temperature Compensated Crystal Clock

Many systems require a stable clock source and crystal
oscillators which run from 1.5V are relatively easy to con·
struct. However, if good stability over temperature is reo
quired, things become more difficult. Ovenizing the crystal
is one approach, but power consumption is excessive. An
alternate method provides open loop, frequency correct-
ing bias to the oscillator. The bias value is determined by
absolute temperature. In this fashion, the oscillator's ther·
mal drift, which is repeatable, is corrected. The simplest
way to do this is by slightly varying the crystal's reso·
nance point with a variable shunt or series impedance.
Varactor diodes, the capacitance of which varies with reo
verse voltage, are commonly employed for this purpose.
Unfortunately, these diodes require volts of reverse bias to
generate significant capacitance shift, making direct 1.5V
powered operation impossible.

Figure 9's circuit accomplishes the temperature compen·
sation function. The transistor and associated compo-
nents form a Colpitts class oscillator which runs directly
from the 1.5V supply. The varactor diode, in series with the
crystal, tunes oscillator frequency as its DC bias varies.
An ambient temperature dependent DC bias is generated
by the remaining circuitry.

The thermistor network and the LM10 amplifier are ar·
ranged to produce a temperature dependent signal which
corrects the thermal drift of the crystal type specified.
Normally, the 1.5V powered LM10 could not provide the
output levels required to bias the varactor. Here, however,
a self-exciting switching up-converter (T1 and associated
components) is included in the LM10's feedback loop. The
LM10 drives the switching converter's input to generate
whatever output voltage is required to close the loop. The
thermistor-bridge network and amplifier feedback resistor
values are scaled to produce appropriate temperature
dependent varactor bias. The LM10's reference portion
stabilizes the temperature network against 1.5V supply
variations. The 100pF positive feedback forces the LM10's
output into switched mode operation, conserving power.

Figure 10 plots compensated versus uncompensated os-
cillator drift. The compensation improves drift perform-
ance by more than a factor of ten. The residual aberrance
in the compensated curve is due to the first-order linear
correction used. Current consumption is inside 850/LA.

Voltage Boosted Output Amplifier

In many circumstances, it is desirable to have 1.5V pow·
ered circuitry interface to higher voltage systems. The
most obvious example is 1.5V driven, remote data acquisi·
tion apparatus which feeds a line·powered data gathering
point. Although the battery powered portion may locally
process signals with 1.5V circuitry, it is useful to address
the monitoring high level instrumentation at high voltage.

Figure 11's design borrows from the method used in Fig·
ure 9 to generate high voltage outputs. This 1.5V powered
amplifier provides 0-10V outputs at up to 75/LA capacity.
The LM10 drives the self·exciting up-converter with what·
ever energy is required to close the feedback loop. In this
case, the amplifier is set·up with a gain of 101, although
other gains are easily realized. The sole restriction is that
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the 1.5V powered LM10's common-mode input range not
be exceeded. The Schottky diode bypasses the up-con-
verter for low voltage outputs, aiding output noise per·
formance. Overlap between the up-converters turn-on
threshold and the diode forward breakdown ensures clean

'1% FILM RESISTOR
Tl = TRAID SP-29
RT~YSI-4401B

~Of- ~AT CUT -350 2D' ANGLE

dynamic behavior at the transition point. To increase effi·
ciency the O.033/LFcapacitor provides AC positive feed-
back, forcing the LM10 output to pulse-width modulate the
up-converter.
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Figure 12 details operation. The circuit's output (Trace A)
decays until the LM10 switches (Trace B), starting the
up·converter. The two transistors alternately drive the
transformer (transistor collectors are Traces C and D) until
the output voltage rises high enough to shut·off the LM10
output. This sequence repeats, with repetition rate de-
pendent upon output voltage and loading conditions.

5V Output Switching Regulator

No commercially available logic, processor or memory
family will operate from 1.5V. Many of the circuits de-
scribed previously normally work in logic driven systems.
Because of this, a way to permit use of standard logic
functions from a 1.5V battery is necessary. The simplest

way to do this is a switching regulator specifically de·
signed for 1.5V input operation. Figure 13's flyback con·
figuration, a variant of a design by R. J. Widlar, gives a 5V
output. C1A serves as an oscillator, providing a ramp
(Trace A, Figure 14) at C1B's DC biased negative input.
C1 B compares a divided version of the output to a refer·
ence point derived from the LT1034. The ramp signal,
summed with the reference point, causes C1 B's output to
width modulate (Trace B). During the time C1 B is low, cur·
rent builds in its output inductor (Trace C). When the ramp
at C1 B goes low enough, C1 B's output goes high, and the
inductor discharges into the 471lF capacitor. The diode
from C1A's output to C1 B's positive input supplies a pulse
(Trace D) on each oscillator cycle, ensuring loop start up.
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The 120kDdiode path from the output bootstraps LT1034 Figure 15 plots regulator efficiency. Small loads produce
bias, aiding overall regulation. lowest efficiency because of fixed losses in the regulator,

although 80% efficiency is achieved above 1500JlA.
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Figure 15. Flyback Regulator Efficiency

Components for 1.5V Operation
Almost all commercially available linear ICs are not capa·
ble of 1.5V operation. Two that are capable Include the
LM10 and LT1017/LT1018.The LM10 op amp·reference
runs as low as 1.1V; the LT1017/LT1018comparator goes
down to 1.2V. The LM10 provides good DC input charac·
teristics, although speed is limited to O.1V/Jls.The LT10171
LT1018comparator series features microsecond range reo
sponse time, high gain and good DC characteristics. Both
devices feature low power consumption. The LT1004and
LT1034voltage references feature 20JlAoperating currents
and 1.2Voperation.
Standard PN junction diodes have a 600mV drop, a sub·
stantial percentage of available supply range. At currents
below 10-20JlA,this figure reduces to about 450mV.Schot-
tky diodes typically exhibit only 300mV drop, although reo
verse leakage is higher than standard diodes. Germanium
diodes are lowest, with 150-200mVdrop, even at relatively
high currents. Often, though, the significant reverse leak-
age of Germanium precludes its use.
Standard silicon transistors have a 600mV VBE,although
this figure comes down somewhat at very low base cur-
rents. The VCEsaturation of silicon transistors is well be·
low 100mV at reasonable currents, and judicious device
selection and use can reduce this figure below 25mV. In·
verted mode operation allows VCEsaturation losses below

1mV, although beta is often below 0.1, necessitating sub·
stantial base drive. Germanium transistors have 2-3 times
lower VBEand VCElosses, although speed, leakage and
beta are generally not as good as silicon types.

Perhaps the most important component is the battery.
Many types of cells are available, and the best choice
varies with the application. Two common types are
Carbon·Zinc and Mercury. Carbon·Zinc offers higher initial
voltage, but Mercury units have a much flatter discharge
curve (e.g., better supply regulation) if currents are con-
trolled (seefigure).

Typical Discharge Curves of Similar Size (AA) Mercury
and Carbon Zinc Cells (1mA Load)
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Unique Ie Buffer Enhances Op Amp Designs,
Tames Fast Amplifiers
Robert J. Widler

abstract: A unity gain Ie power buffer that uses NPN out-
put transistors while avoiding the usual problems of
quasi-complementary designs is described. Free of para-
sitic oscillations and stable with large capacitive loads,
the buffer has a 20MHz bandwidth, a 100VIJ1.S slew and
can drive ± 10V into a 750 load. Standby current is
SmA. A number of applications using the buffer are de-
tailed, and it is shown that a buffer has many uses
beyond driving a heavy load.

introduction

An output buffer can do much more than increase the out-
put swing of an op amp. It can also eliminate ringing with
large capacitive loads. Fast buffers can improve the per-
formance of high speed followers, integrators and
sample/hold circuits, while at the same time making
them much easier to work with.

Interest in buffers has been low because a reasonably
priced, high-performance, general purpose part has not
been available. Ideally, a buffer should be fast, have no
crossover distortion and drive a lot of current with large
output swing. At the same time, the buffer should not eat
much power, drive all capacitive loads without stability
problems and cost about the same as the op amps it is
used with. Naturally, current limiting and thermal
overload protection would be nice.

These goals have been a dream for twenty years; but
thanks to some new IC design techniques, they have
finally been reached. A truly general purpose buffer has
been made that is faster than most op amps but not hard
to use in slow applications. It is manufactured using
standard bipolar processing, and die size is 50 x 82 mils.

The electrical characteristics of the buffer are summa-
rized in table I. Offset voltage and bias current win no

medals; but the buffer will usually be driven from an op
amp output and put within the feedback loop, Virtually
eliminating these terms as errors. Loaded voltage gain is
mostly determined by the output resistance. Again, any
error is much reduced with the buffer inside a feedback
loop.

Unloaded, the output swings within a volt of the positive
supply and almost to the negative rail. With ± 150mA
loading, this saturation voltage increases by 2. 2V. Except
for output voltage swing, performance is little affected for
a total supply voltage between 4V and 40V. This means
that it can be powered by a single 5V logic supply or
±20V op amp supplies.

Bandwidth and slew rate decrease somewhat with re-
duced load resistance. The values given in table I are for a
1000 in parallel with 100pF. The speed is quite im-
pressive considering that quiescent current is but 5mA.

table I. Typical performance of the buffer at 25°C. Supply
voltage range is 4V to 40V.

parameter
output offset voltage
input bias current
voltage gain
output resistance
positive saturation voltage
negative saturation voltage
output saturation resistance
peak output current
bandwidth
slew rate
supply current

value
70mV
75pA

0.999
70

0.9V
0.1V
150

±300mA
22MHz

1 OOV / J.IS

5mA
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design concept

The functional schematic in figure 1 describes the basic
elements of the buffer design. The op amp drives the out-
put sink transistor, 030, such that the collector current of
the output follower, 029, never drops below the quiescent
value (determined by 11 and the area ratio of 012 and
028). As a result, the high frequency response is essen-
tially that of a simple follower even when 030 is supplying
the load current. The internal feedback loop is isolated
from the effects of capacitive loading by a small resistor in
the output lead.

The scheme is not pertect in that the rate of rise of sink
current is noticeably less than for source current. This
can be mitigated by connecting a resistor between the
bias terminal and V+, raising quiescent current. A
feature of the final design is that the output resistance is
largely independent of the follower current, giving low
output resistance at low quiescent current. The output
will swing to the negative rail, which is particularly useful
with single-supply operation.

figure 1. In the buffer, main signal path is through
followers 021 and 029. Op amp keeps 029 turned on
even when 030 is supplying load current, so response
is that of followers.

basic design

Figure 2 shows the essential details of the buffer design
using the concept in figure 1 (for clarity, parts common to
simplified and developed schematics use the same
number). The op amp uses a common base pnp pair, 010
and 011, degenerated with R6 and R7 for an input stage.
The differential output is converted to single-ended by a
current mirror, 013 and 014; and this drives the output
sink transistor, 030, through a follower, 019.

A clamp, 015, is included to insure that the output sink
transistor does not turn off completely. Its biasing cir-
cuitry, 06 through 09, is arranged such that the emitter
current of 015 is about equal to the base current of 019
with no output load.

The control loop is stabilized with a feed forward capac-
itor, Cl. Above 2MHz, feedback is predominantly through
the capacitor. The break frequency is determined by Cl
and R7 plus the emitter resistance of 011. The loop is
made stable for capacitive and resonant loading by R23,
which limits the phase lag that can be induced at the
emitter of 029.

A resistor, R10, has been added to improve the negative
slew response. With a large negative transient, 029 will
cut off. When this happens, Rl0 pulls stored charge from
028 and provides enough voltage swing to get 030 from
its clamp level into conduction.

Start-up biasing is done with a collector FET, 04. Once in
operation, the collector current of 06 is added to the drain
current of 04 to bias 05. These currents plus the current
through 09 and 010 flow through 012 to set the output
quiescent current (along with Rl0).

follower boost

The boost circuit in figure 3 reduces the buffer standby
current by at least a factor of three while improving per-
formance. It does this by increasing the effective current
gain of 029 so that the current source current, IC23, can
be drastically cut. Secondly, it can give under 0.50
follower output resistance at less than 3mA bias, some-
thing that normally takes over 40mA. Hard as it may be to
believe, the boost does not degrade the high frequency
response of the final design.
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figure 2. Implementation of the buffer in figure 1. Simple op amp uses common base pnp input
transistors (010 and 011). Control loop is stabilized with feedforward capacitor (C1); and clamp (015)
keeps 030 from turning off entirely.

figure 3. This boost circuit raises effective current gain
and transconductance of the output transistor, giving
low standby current along with low output resistance.

If R19 is removed (opened), circuit operation becomes
clearer. Output resistance is determined by 024, with
025 and 029 providing current gain. If the current
through R21 is larger than the base current of 029, out-
put resistance is proportionately reduced. Without R21,
output resistance depends on 029 bias, like a simple
follower.

The purpose of R19 is to provide a direct ac path at high
frequencies and kill unneeded gain in the boost feedback
loop. If R21 is properly selected, voltage change across
R19 with loading is less than 40mV, so a small value
causes no problems (increasing load does cause 021
bias current to increase). The quiescent drop across R19
is set by sizing 024, 025 and 029 geometries.

charge storage pnp

At high frequencies, a lateral pnp looks like a low im-
pedance between the base and emitter because charge
stored between the emitter and subcollector (the pnp
base) has a capacitive effect. The input pnp, 021, has
been designed to have more than 30 times the stored
charge of a standard lateral for a given emitter current.
This stored charge couples in the input to slew internal
stray capacitances and drive the output follower while the
boost circuitry is coming into action.

Stored charge can be maximized in a lateral pnp by using
large emitter area and wide base spacing. Dimensions of
several mils are practical; diffusion lengths are in the
order of 6 mils with good processing.
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A sketch of a charge storage pnp is shown in figure 4.
With the dimensions shown, current gains of 10 can be
obtained regularly. A sinker base contact is shown here
because a low resistance from the base terminal to the
area under the emitter is important.

The charge stored under the emitter is most effective in
obtaining a fast charge transfer from base to emitter with
minimum change of emitter base voltage. Using the nota-
tion in figure 4, this charge varies as

o oc WBAE
E SE

oc (Xc - XE)XE ,

where SE is the emitter periphery. With Xc fixed, it can be
shown that OE is maximized for XE =0.5Xc.

figure 4. Charge storage pnp is lateral structure with
base and emitter dimensions of several mils. As above,
current gains of 10 are practical.

Transistors can be made by substituting an isolation dif-
fusion for the normal base diffusion. Figure 5 shows the
impurity profile of such a transistor. Base doping under
the emitter is three orders of magnitude higher than
standard transistors, and the base extends all the way to
the subcollector. The measured current gains of 0.1 are
not lower than might be expected.

The emitter-base voltage of an isolation-base transistor is
about 120mV greater than a standard IC transistor when
operating at the same emitter current. Production varia-
tions in VBEare much less than standard npns, probably
because net base doping is little affected by anything but
the isolation doping.

As will be seen on the complete schematic, the isolation-
base transistor is used as a bias diode for current sources
because of its high VBE. One (028) is also used in the col-
lector of the output follower because the behavior at very
high current densities is much better than a standard
transistor.

I

.Q..1019
z
og
15'-'81018

!ii

figure 5. Impurity profile of isolation-base transistor. In
contrast, typical standard npn has peak base concen-
tration of 5 x 1016cm-3 and base width of 1J.tm.

complete circuit

A complete schematic of the LT101 0 buffer is given in
figure 6. Component identification corresponds to the
simplified schematics. All details discussed thus far have
been integrated into the diagram.

Current limiting for the output follower is provided by 022
and 031, which serve to clamp the voltage into the
follower boost circuitry when the voltage across R22
equals a diode drop.

Negative current limit is less conventional because put-
ting a sense resistor in the emitter of 030 will seriously
degrade negative slew under load. Instead, the sense
resistor, R17, is in the collector. When the drop across it
turns on 027, this transistor supplies current directly to
the sink current control amplifier, limiting sink current.

Should the output terminal rise above V+ because of
some fault condition, 027 can saturate, breaking the
current limit loop. Should this happen, 026 (a lateral col-
lector near 027 base) takes over to control current by
removing sink drive through 016. This reserve current
limit oscillates, but in a controlled fashion.
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Clamp diodes, from the output to each supply, should be
used if the output can be driven beyond the supplies by a
high-current source. Unlike most ICs, the LT101 0 is
designed so that ordinary junction diodes are effective
even when the IC is much hotter than the external diodes.

Current limit is backed up by thermal overload protection.
The thermal sensor is 01, with its base biased near
400mV. When 01 gets hot enough to pUll base drive off
02 (about 160°C), the collector of 02 will rise, turning on
016 and 020. These two transistors then shut down the
buffer. Including R2 generates hysteresis to control the
frequency of thermal limit oscillation.

Base drive to 020 is limited by R15, a pinched base re-
sistor. The value of this resistor varies as transistor hIe
over temperature and in production, controlling the turn
off current near 2mA. An emitter into the isolation wall
capacitor, C2, keeps 020 from turning on with fast sig-
nals on its collector.

In current limit or thermal limit, excessive input-output
voltage might damage internal circuitry. To avoid this,
back-to-back isolation zeners, 032 and 033, clamp the
input to the output. They are effective as long as the input
current is limited to about 40mA.

Other details include the negative saturation clamp, 017
and 018. This clamp allows the output to saturate within
1OOmVof the negative supply rail without increasing sup-
ply current while recovering cleanly from saturation. The
base of 017 is connected internally into 030 to sense
voltage on the internal collector side of the saturation
resistance to insure optimum operation at high currents.

When sinking large currents, the base of 019 loads the
control amplifier. This unbalances the control loop and
reduces the output follower bias current. To compensate
for this, the base current of 030 is routed to the bias
diode, 012, through 019. A small resistor, R19, aids
compensation. This action raises the bias to 023 and is
responsible for increasing the input pnp bias current with
sink current.

figure 6. Complete schematic of the LT101 0 buffer. Component identification corresponds to simplified
schematics. The isolation-base transistors are drawn with heavy base, as is the charge storage pnp.
Follower drive boost has been included along with negative saturation clamp (017 and 018) and protec-
tion circuitry.
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Final details of the design are that the collectors of 010
and 011 are segmented so that only a fraction of the emit-
ter current is sent to the current mirror, with the rest
dumped to V- .This allows the transistors to be operated

at their fr peak without requiring large C1. Lastly, R8 has
been included to shape the temperature characteristics of
output stage quiescent current.

.LTuilD

figure 7. Photomicrograph of the LT1010. Die size is
50 x82 mils.

A photomicrograph of the LT101 0 die is shown in figure 7.
The features pointed out are identified below.
a) Output transistors were designed to maximize high fre-

quency performance, while obtaining some ballasting.
b) Clamp pnp base (017) is connected by subcollector

stripe to region furthest from 030 collector contact to
isolate saturation resistance.

c) Output resistors are in floating tub so that IC tubs are
not forward biased when junction diodes clamp output
below V-.

d) A high fr, 0.3 mil stripe, cross geometry is used for the
sink transistor driver (019).

e) Isolation-base transistor (028) carries the same 500mA
peak current as the output transistor but is much
smaller.

f) MOS capacitor (C1) takes up considerable area.
g) Capacitance formed by diffusing emitter into isolation

wall takes advantage of unused area.
h) Charge storage pnp.



buffer performance

Table I in the introduction summarizes the typical specifi-
cations of the LT101 0 buffer. The IC is supplied in three
standard power packages: the solid kovar base TO-5
(TO-39), the steel TO-3, and the plastic TO-220. The bias
terminal is not available in the TO-39 package because it
has only four leads, compared to five for the other
packages.

The thermal resistance for one output transistor, ex-
cluding the package, is 20°C/W because it was kept as
small as possible to enhance speed. This explains the
junction-to-case thermal resistance of 40°C/W for the
TO-39 package and 25°C/W for the TO-3 and TO-220,
again for one transistor. With ac loads, both transistors
will be conducting; if the frequency is high enough, ther-
mal resistance is reduced by lO°C/W.

The operating case temperature range for the LT101 0 is
-55°C to 125°C. The maximum junction temperature
for the internal power transistors is 150°C. A commercial
version, the LT101 OC, is also available. It rated for O°C to
100°C case temperature with a maximum junction
temperature of 125°C.

The following curves describe the buffer performance in
some detail. The fact that quiescent current boost
(5mA-40mA) is not available on the TO-39 package
should be noted.

bandwidth

I I
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figure 8. The dependence of small signal bandwidth on
load resistance and quiescent current boost is shown
here. The 100pF capacitive load that is specified limits
the bandwidth that can be obtained with boost and light
loads.
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figure 9. The phase delay gives more useful information
about high frequency performance than bandwidth. This
is a plot of phase delay as a function of frequency with
500 and 1000 loads. Capacitive loading is 100pF, and
quiescent current is not boosted.
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figure 10. This shows reduction in phase lag with quies-
cent cu rrent boosted to 40mA (RBIAS = 200).
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figure 11. The small signal step response with 100n
load shows a 2ns output delay. This gives an excess
phase delay of 15° at 20M Hz, explaining why the - 3dB
bandwidth is greater than the frequency for 45° phase
delay.
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figure 12. The unloaded small signal output impedance
stays down to 1MHz, indicating the frequency limit of the
follower boost circuitry.

10
Rs=500
IBIAS=O
Tj=25°C

figure 13. These frequency response plots, with capaci-
tive load only, show that nothing unusual happens as load
capacitance is varied over a wide range. Minor peaking is
reduced with quiescent current boost.
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figure 14. The negative slew delay is reduced by using
quiescent current boost (40mA). Positive slew is not af-
fected by boost.
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figure 15. The worst-case slew response, going from OV
to -10V, is plotted here. It is clear that substantial im-
provement can be made with quiescent current boost.

-f---

Vs= ±15V
Rl=100lJ -
ISIAS=O

figure 16. This 500ns slew residue is caused by re-
covery of the follower boost circuitry. For positive out-
puts, the boost circuit is hit hard by the input through the
charge storage pnp. For negative outputs, it is hit by the
leading edge overshoot on the output. Recovery is from a
positive boost overshoot in both cases.
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VS=±15V
VIN= ±10V
Il~O /Tc=25"C
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figure 17. The no load supply current increases above
1MHz under large signal conditions. This is a quiescent
current boost caused by charging of internal capaci-
tances. It does give very good power bandwidth even
with load, although the excess dissipation may cause the
IC to go into power limit.
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figure 18. The offset voltage is determined by matching
between the output follower and the input pnp. The
charge storage pnp on the input is run at high injection
levels to maximize stored charge. Therefore, the high off-
set voltage drift shown here is no surprise. The offset
voltage change with supply voltage shown in the figure is
mostly positive supply sensitivity. Changing the negative
supply by 35V shifts offset by 5mV.
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figure 19. The increase in bias current with temperature
reflects the current gain characteristics of the charge
storage pnp. Sensitivity of bias current to supply voltage
is about three times greater on positive supply.

figure 20. The change in input bias current with load
current is not excessive, but it shows that the follower is
not designed for working with high source resistances.
For positive output current, increase is caused by
follower boost. For negative output, it results from sink
transistor base current increasing bias to the input pnp
current source.

figure 21. The unloaded voltage gain is high enough to
be ignored in most any application. In practice, gain will
be determined by the load working against the output
resistance.

lour" 150mA

J-- --J--
J-- J--

I--

figure 22. The output resistance is essentially independ-
ent of dc output loading. The temperature sensitivity is
shown here.
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figure 23. The noise performance of a buffer is of small
concern unless it is grossly bad. This plot shows that the
buffer noise is low by comparison to the excess output
noise of op amps.

IL=15OmA ------I--

SOmA

5mA -

figure 24. The positive saturation voltage (referred to the
positive supply) is plotted here as a function of tempera-
ture. Unloaded saturation voltage is O.9V, with the satu-
ration voltage increasing linearly with current to 150mA.

IL=-15OmA •••••••••
....•••.•

I----I--

SOmA

I I
1-5mA

figure 25. This curve gives the negative saturation volt-
age. Unloaded saturation voltage is <O.W, again
increasing linearly with current. The saturation char-
acteristics are negligibly affected by supply voltage and
are used to determine output swing under load.

V,N=O I'OUT=O
IBIAS=O Tj= -55°C

./
...•..... I

/ 25°C

/
...•..... I

1250t....-- I./

I

figure 26. Supply current is not greatly affected by sup-
ply voltage, as shown in this expanded-scale plot. This
accounts for the 4V to 40V supply range with unchanged
specifications.
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figure 27. The quiescent current boost is determined by
the bias terminal voltage across an external resistor. This
expanded-scale plot shows the change in bias terminal
voltage with temperature. The voltage increases less than
20mV as the total supply voltage is raised from 4.5V to
40V.
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figure 28. The buffer distortion is not high, even when it
is outside a feedback loop, as shown here. The reduced-
distortion curve is for 20mA supply current.
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figure 29. Distortion is low to 100kHz, even without
quiescent current boost. The influence of load resistance
is indicated here.
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figure 30. These curves indicate the peak power capa-
bility of one output transistor for Tc =85°C. With ac
loading, power is divided between the two output tran-
sistors. This can reduce thermal resistance to 30°C/W
for the TO-39 and 15°C/W for the TO-3, as long as the
frequency is high enough that the peak rating of neither
transistor is exceeded.
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figure 31. The output short circuit current is plotted here
as a function of temperature. Above 160°C it falls off
sharply because of thermal limit. The peak output current
is equal to the short circuit current; with capacitive loads
greater than 1nF, current limiting can reduce slew rate.
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figure 32. The input characteristics, with the output
shorted, are plotted here. The input is clamped to the out-
put to protect internal circuitry. Therefore, it is necessary
to externally limit input current. The output-current limit
of IC op amps is adequate protection.
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isolating capacitive loads

The buffered follower in figure 33a shows the recom-
mended method of isolating capacitive loads. At lower
frequencies, the buffer is within the feedback loop so that
offset voltage and gain errors are negligible. At higher
frequencies (above 80kHz here) op amp feedback is
through C1 so that phase shift from the load capacitance
acting against the buffer output impedance does not
cause instability.
The initial step response is the same as if the buffer were
outside the feedback loop; the gain error of the buffer is
then corrected by the op amp with a time constant deter-
mined by R1C1. This is shown in figure 33b.
With small load capacitors, the bandwidth is determined
by the slower of the two amplifiers. The op amp and the
buffer in figure 33 give a bandwidth near 15M Hz. This is
reduced for capacitive loads greater than 1nF (deter-
mined by the output impedance of the buffer).
Feedback-loop stability with large capacitive loads is
determined by the ratio of the feedback time constant
(R1C1) to that of the buffer output resistance and load
capacitance (ROUTCL). A stability factor, m, can be ex-
pressed as

m=~
ROUTCL'

where ROUTis the buffer output resistance.
A1
2k

AOUTt;V= lllvoUT
VOUT T= A1C1L cL=o

b. step response
figure 33. Capacitive loading on this buffered follower
reduces bandwidth without causing ringing. Step
response with no capacitive load has residue as shown
here.
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figure 34. Large signal step response ( ± 5V) of the
buffered follower in figure 33 for indicated loads.

The measured large signal step response for the circuit in
figure 33a is given in figure 34 for various loads. For
m ~ 4 (CL =::; O.068j.tF) there is overshoot but no ringing.
For m < 1 (CL >O.33j.tF) ringing becomes pronounced.
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figure 35. Measured settling for output steps in
figure 34. For capacitive loads less than O.068j.tF
(m=4) settling is based on a 2j.ts time constant.

The settling time constant is determined by R1C1 for
m ~ 4. Without capacitive loading, the initial error on the
output step is smaller, so time to settle is less. The set-
tling characteristics are shown in figure 35.

With R1C1 as shown in figure 33, any op amp with a
bandwidth greater than 200kHz will give the same results
on stability. Settling time, however, will be dominated by
the slew rate limitations of slow op amps.

Certain op amps, like the LM118, have back-to-back pro-
tection diodes across the input terminals. With input rise
times in excess of the op amp slew rate, C1 can be
charged through these diodes, increasing settling time.
Including R2 in series with the input takes care of the
problem. Good supply bypass (22j.tF solid tantalum)
should be used because high peak currents are required
to drive load capacitors and supply transients can feed
into the op amp, increasing settling time.

The same load isolation technique is shown applied to an
inverting amplifier in figure 36. The response differs in
that the output rise time and bandwidth are limited by
R1C1. This does reduce overshoot for m ~4, as shown in
figure 37. For m <4, response approaches that of the
follower.

nT'- T=R1C1

~ Cl~O

t-

figure 36. With an inverter, bandwidth and rise time
are limited by R1CL. For m ~ 4, capacitive loading has
little effect on bandwidth.
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figure 37. Large signal pulse response of the inverter
in figure 36.

Although the small signal bandwidth is reduced by C1,
considerable isolation can be obtained without reducing it
below the power bandwidth. Often, bandwidth reduction
is desirable to filter high frequency noise or unwanted
signals.

An alternate method of isolating capacitive loads is to buffer
an inverter output with the follower shown in figure 33.

Capacitive load isolation for non-inverting amplifiers is
shown in figure 38, along with the step response for small
CL. Rise time of the initial step is reduced with increasing
CL, and response approaches that of the inverter.

rOT"'-l>V"V,N

I VaUT T=R1Cl
l>V --l Cl=O

1-

b. step response

figure 38. With non-inverting amplifier, rise time of
initial step decreases with increasing CL. Stability
requirements are the same as for follower and inverter.
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integrators

A low pass amplifier can be formed just by using large C1
with the inverter in figure 36, as long as the op amp is
capable of supplying the required current to the summing
junction and the increase in closed loop output im-
pedance above the cutoff frequency is not a problem (it
will never rise above the buffer output impedance).

If the integrating capacitor must be driven from the buffer
output, the circuit in figure 39 can be used to provide
capacitive load isolation. The method does introduce er-
rors, as is shown in the figure.

The op amp does not respond instantly to an input step,
and the input current is supplied by the buffer output.
The resulting change in buffer output voltage is seen at
the real summing junction and is corrected at an R1C1
time constant. As the output ramps, the voltage change
across C1 generates a current through R1, shifting the
real summing junction off ground.

REAL
R2 SUMMING

10k JUNCTION
V,N

R3
10k

VaUT

-= JCl

Cl m- R1Cl
1.F -llQuTCL

l>V = (R1Cl + ROUT) l>VA2C2 lliN IN
T=R1Cl

Cl=O

y ,T ~

~~TI t-

b. step response

figure 39. Capacitive load isolation for a low pass or
integrating amplifier when integrating capacitor must
go to buffer output. Response given is for negative
input step.
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Figure 40 shows the voltage on the real summing junction
for an input square wave. Both error terms are apparent
in the top curve. With CL =0.33J,tF, response is
reasonable. This suggests that m = 1 be used as a stabil-
ity criterion for this type of circuit if the shift of real sum-
ming node voltage with output ramp is a problem. A
capacitor can be used on the real summing junction to
absorb current transients and reduce spiking, as shown
in the lower curve.

figure 40. Step response of the integrating amplifier in
figure 39. The real summing junction voltage is shown
for ±0.5mA input change.

With large R2 and Cs = 0, the output voltage of the inte-
grator will be the response of an ideal integrator plus the
voltage of the real summing junction. Large Cs will in-
crease the high frequency loop gain so that this is no
longer true.

impulse integrator

With certain sensors, like radiation detectors, the output
is delivered in short, high-current bursts. Frequently, it
is necessary to integrate these impulses to determine net
charge. A complication with some solid-state sensors is
that the peak voltage across them must be kept low to
avoid error.

The circuit in figure 41 will integrate high current pulses
while keeping the summing node under control. Although
it increases noise gain, Cs is often required for stability
and to absorb the leading edge of fast pulses. The buffer
increases the peak current available to the summing node
and improves stability by isolating Cf and Cs from the op
amp output. Increased output drive capability is a bonus.

figure 41. Buffer increases current available to
summing node. Input capacitor absorbs input impulses
and raises loop gain.

The summing node response to a 100mA, lOOns input
impulse is shown in figure 42 for three different cases.
With Cs =0.33J,tF, the LT118A will settle faster than the
LF156 because of its higher gain-bandwidth product; but
Cs cannot be made much smaller for Cf =O.OlJ,tF. The
LF156 works with Cs =0.02J,tF and settles even faster
because it goes through unity gain at a frequency where
the LT1010 is better able to handle Cf = 0.01 J,tFas a load
capacitance. However, the smaller Cs does allow the
summing node to get further off null during the input
impulse.

figure 42. Summing node voltage of impulse integrator
in figure 41 with 100mA, lOOns input impulse and
-10mA recovery.
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parallel operation

Parallel operation provides reduced output impedance,
more drive capability and increased frequency response
under load. Any number of buffers can be directly
paralleled as long as the increased dissipation in in-
dividual units caused by mismatches of output resistance
and offset voltage is taken into account.

VOUT

!A10UT

figure 43. When two buffers are paralleled, a current can
flow between outputs, but total supply current is not
greatly affected.

When the inputs and outputs of two buffers are con-
nected together as shown in figure 43, a current, .610UT,
flows between the outputs:

I
VOS1-VOS2.60UT- ,

ROUT1+ROUT2
where Vos and ROUTare the offset voltage and output
resistance of the respective buffers.
Normally, the negative supply current of one unit will
increase and the other decrease, with the positive supply
current staying the same. The worst-case (VIN - V+ ) in-
crease in standby dissipation can be assumed to be
.610UTVT, where VT is the total supply voltage.
Offset voltage is specified worst-case over a range of sup-
ply voltages, input voltage and temperature. It would be
unrealistic to use these worst-case numbers above be-
cause paralleled units are operating under identical con-
ditions. The offset voltage specified for Vs = ± 15V,
VIN =0 and TA =25°C will suffice for a worst-case
condition.
Output load current will be divided based on the output
resistance of the individual buffers. Therefore, the avail-
able output current will not quite be doubled unless output

resistances are matched. As for offset voltage above, the
25°C limits should be used for worst-case calculations.

Parallel operation is not thermally unstable. Should one
unit get hotter than its mates, its share of the output and
its standby dissipation will decrease.

As a practical matter, parallel connection needs only some
increased attention to heat sinking. In some applications,
a few ohms equalization resistance in each output may be
wise. Only the most demanding applications should re-
quire matching, and then just of output resistance at
25°C.

wideband amplifiers

Figure 44 shows the buffer inside the feedback loop of a
wideband amplifier that is not unity gain stable. In this
case, C1 is not used to isolate capacitive loads. Instead, it
provides an optimum value of phase lead to correct for the
buffer phase lag with a limited range of load capacitances.

figure 44. Capacitive load isolation described earlier
does not apply for amplifiers that are not unity gain
stable. This 8MHz, Av =9 amplifier handles only
200pF load capacitance .

With the TO-3 and TO-220 packages, behavior can be im-
proved by raising the quiescent current with a 200
resistor from the bias terminal to V+ . Alternately, devices
in the TO-39 package can be operated in parallel.

Putting the buffer outside the feedback loop, as shown in
figure 45, will give capacitive load isolation, with large
output capacitors only reducing bandwidth. Buffer offset,
referred to the op amp input, is divided by the gain. If the
load resistance is known, gain error is determined by the
output resistance tolerance. Distortion is low.
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The 500 video line splitter in figure 46 puts feedback on
one buffer, with others slaved. Offset and gain accuracy
of slaves depends on their matching with master.

When driving long cables, including a resistor in series
with the output should be considered. Although it
reduces gain, it does isolate the feedback amplifier from
the effects of unterminated lines which present a reso-
nant load.

When working with wideband amplifiers, special atten-
tion should always be paid to supply bypassing, stray
capacitance and keeping leads short. Direct grounding of
test probes, rather than the usual ground clip lead, is ab-
solutely necessary for reasonable resu Its.

The LT101 0 has slew limitations that are not obvious from
standard specifications. Negative slew is subject to
glitching, but this can be minimized with quiescent cur-
rent boost. The appearance is always worse with fast rise
signal generators than in practical applications.

R2
1.6k

figure 45. Buffer outside feedback loop gives
capacitive load isolation. Buffer offset is divided by
amplifier gain, gain error is determined by output
resistance tolerance and distortion is low.

R3
800

figure 46. This video line splitter has feedback on one
buffer with others slaved. Offset and gain accuracy of
slaves depends on matching with master.

track and hold

A 5M Hz track and hold circuit is shown in figure 47. It
has a power bandwidth of 400kHz with a ± 10V signal
swing.
The buffered input-follower drives the hold capacitor, C4,
through 01, a low resistance ( < 50) FET switch. The
positive hold command is supplied by TIL logic with 03
level shifting to the switch driver, 02.
When the FET gate is driven to V- for hold, it pulls
charge that depends upon the input voltage and drain-
gate capacitance out of the hold capacitor. A compen-
sating charge is put into the hold capacitor through C3.
Below the FET pinch voltage, the gate capacitance in-
creases sharply. Since the FET will always be pinched off
in hold, the turn-off charge from this excess capacitance
will be constant over the input voltage range.
Going into hold, the inverting amplifier, A4, makes the
positive voltage step into C3 proportional to the negative
step on the switch gate, plus a constant to account for the
increased capacitance below pinch-off. The step into hold
is made independent of the input level with R7 and ad-
justed to zero with R10 (initially setting up for VIN = ± 5V
avoids special problems at input voltage extremes). The
circuit is brought into adjustment range for a particular
design with an appropriate value for C3, although a
couple hundred ohms in series with C3 may be advised
for larger values to insure the stability of A4.
The positive input voltage range is determined by the
common mode range of the op amps. However, if the out-
put of A4 saturates, gate-capacitance compensation will
be affected.
The input voltage must be above the negative supply by at
least the pinch voltage of the FET to keep it off in hold. In
addition, the negative supply must be sufficient to main-
tain current in D2; or gate-capacitance compensation will
suffer. The voltage on the emitter of 02 can be made more
negative than the op amp supplies to extend the operating
range.
Since internal dissipation can be quite high when driving
fast signals into a capacitive load, using a buffer in a
power package is recommended. * Raising buffer quies-
cent current to 40mA with R3 improves frequency
response.
·Overheating of the buffer causes a sharp reduction in slew rate before
thermal limit is activated.
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R10
50k Rll

6.2k

v-
"2N2369 EMITTER BASE JUNCTION

figure 47. A 5MHz track and hold. With buffer, bandwidth and slew rate is little affected by
the hold capacitor. Compensation for gate capacitance of FET switch is included.

This circuit is equally useful as a fast acquisition sample
and hold. A LF156 might be used for A3 to reduce drift in
hold because its lower slew rate is not usually a problem
in this application.

The voltage-to-current converter in figure 48 uses the
standard op amp configuration. It has differential input,
so either input can be grounded for the desired output
sense. Output is bidirectional.

Maximum output resistance is obtained by trimming the
resistors. High frequency output characteristics will de-
pend on the bandwidth and slew rate of the op amp, as
well as stray capacitance to the op amp inputs. This
± 150mA current source had a measured output resist-
ance of 3MO and 48nF equivalent output capacitance.

Using an LT118A and lower feedback resistors would
give much lower output capacitance at the expense of
output resistance.

Rl
lOOk

0.01%

R2
lOOk

0.01%

R3
lOOk

0.01%

R4
lOOk

0.01%

figure 48. This voltage/ current converter requires
excellent resistor matching or trimming to get high
output resistance. Buffer increases output current and
capacitive load stability with small R4.
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In figure 49, an instrumentation amplifier is used to
eliminate the feedback resistors and any sensitivity to
stray capacitances. The circuit had a measured output
resistance of 6MO and an equivalent output capacitance
of 19nF. Pins 7 and 8 of the LM163 are differential inputs,
but they are loaded internally with 50kO to V- . Either in-
put can be grounded to get the desired output sense.
Because of the loading, the input should be driven from a
low impedance source like an op amp.

Both circuits are stable for all capacitive loads.

figure 49. Voltage/ current converter using
instrumentation amplifier does not require matched
resistors.

voltage regulator

Even though it operates from a single supply, the circuit in
figure 50 will regulate voltage down to 200mV. It will also
source or sink current.

The circuit's ability to handle capacitive loads is deter-
mined by R3 and C1. The values given are optimized for
up to 1ltF output capacitance, as might be required for an
IC test supply.

The purpose of C1 is to lower the drive impedance to the
buffer at high frequencies because the high frequency
output impedance of the LM 10 runs above 1kO. Without
C1 there could be low level oscillation at certain capacitive
loads.

It is important to connect pin 4 of the LM1 0 and the bot-
tom of R2 to a common ground point to avoid poor regula-
tion because of ground loop problems.

figure 50. This voltage regulator operates from a single
supply yet is adjustable down to 200mV and can
source or sink current.

voltage/ current regulator

Figure 51 shows a fast power buffer that regulates the
output voltage at Vv until the load current reaches a value
programmed by VI. For heavier loads it is a fast, precision
current regulator.

R7
99.8k v,
0.1% 10mAlV

figure 51. This circuit is a power buffer with automatic
transition into precision, programmable current limit.
Fast, clean response into and out of current limit is a
feature of the design.

With output current below the current limit, the current
regulator is disconnected from the loop by 01, with 02
keeping its output out of saturation. This output clamp
enables the current regulator to get control of the output
current from the buffer current limit within a microsecond
for an instantaneous short.



In the voltage regulation mode, A 1 and A2 act as a fast
voltage follower using the capacitive load isolation tech-
nique described earlier. Load transient recovery, as well
as capacitive load stability, are determined by C1.
Recovery from short circuit is clean.

Bidirectional current limit can be provided by adding
another op amp connected as a complement to A3. In-
creased output current and less sensitivity to capacitive
loading are obtained by paralleling buffers.

This circuit can be used to make an operational power
supply with a bandwidth up to 1OMHz that is well suited
to IC testing. Output impedance is low without output
capacitors and current limit is fast so that it will not
damage sensitive circuits. The bandwidth and slew rate
are reduced to 2M Hz and 15V / JotSt (without paralleling)
by the O.01JotFrequired for supply bypass on many ICs.
Large output capacitors can be accommodated by
switching a larger capacitor across C1.

supply splitter

Dual supply op amps and comparators can be operated
from a single supply by creating an artificial ground at half
the supply voltage. The supply splitter shown in figure 52
can source or sink 150mA.

The output capacitor, C2, can be made as large as
necessary to absorb current transients. An input capaci-
tor is also used on the buffer to avoid high frequency in-
stability that can be caused by high source impedance.

figure 52. Using the buffer to supply an artificial
ground (V+ /2) to operate dual supply op amps and
comparators from a single supply.
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overload clamping

The input of a summing amplifier is at virtual ground as
long as it is in the active region. With overloads this is no
longer true unless the feedback is kept active.

Figure 53 shows a chopper-stabilized current-to-voltage
converter. It is capable of 10pA resolution, yet is able to
keep the summing node under control with overload cur-
rents to ± 150mA.

During normal operation, D3 and D4 are not conducting;
and R1 absorbs any leakage current from the zener
clamps, D6 and D7. In overload, current is supplied to the
summing node through the zener clamps rather than the
scaling resistor, R2. A capacitor on the input absorbs fast
transients.

figure 53. Chopper-stabilized current/voltage
converter has picoampere sensitivity, yet is capable of
keeping summing node under control with 150mA
input current.
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A new class-B output stage has been described that is
particularly well suited to IC designs. It is fast and avoids
the parasitic oscillation problems of the quasi-comple-
mentary output. This has been combined with the charge
storage transistor, a new diode structure and a novel
boost circuit to make a general-purpose buffer that com-
bines speed, large output drive and low standby current.
The buffer has been well characterized and shows few
disagreeable characteristics.

The applications section has demonstrated that buffers
can be quite useful in everyday analog design. They also

make touchy wideband amplifiers easy to use. The avail-
ability of a low cost, high-performance IC buffer should
be a stimulus to expanding upon these applications. Buf-
fers no longer need to be considered an exotic com-
ponent; they will become a standard analog design tool.
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appendix

The following summarizes some design details that might
otherwise be overlooked when first using the buffer. An
equivalent circuit is given, and guaranteed electrical
characteristics from the data sheet are listed for
reference.

supply bypass

The buffer is no more sensitive to supply bypassing than
slower op amps, as far as stability is concerned. The
0.1/LF disc ceramic capacitors usually recommended for
op amps are certainly adequate for low frequency work.
As always, keeping the capacitor leads short and using a
ground plane is prudent, especially when operating at
high frequencies.

The buffer slew rate can be reduced by inadequate sup-
ply bypass. With output current changes much above
100mA/ /Ls, using 10/LF solid tantalum capacitors on
both supplies is good practice, although bypassing from
the positive to the negative supply may suffice.

When used in conjunction with an op amp and heavily
loaded (resistive or capacitive), the buffer can couple into

• supply leads common to the op amp causing stability
problems with the overall loop and extended settling time.

Adequate bypassing can usually be provided by 10/LF
solid tantalum capacitors. Alternately, smaller capacitors
could be used with decoupling resistors. Sometimes the
op amp has much better high frequency rejection on one
supply, so bypass requirements are less on this supply.

power dissipation

In many applications, the LT1010 will require heat sink-
ing. Thermal resistance, junction to still air is 150°C/W
for the TO-39 package, 100°C/W for the TO-220 pack-
age and 60°C/W for the TO-3 package. Circulating air, a
heat sink or mounting the package to a printed circuit
board will reduce thermal resistance.

In dc circuits, buffer dissipation is easily computed. In ac
circuits, signal waveshape and the nature of the load de-
termine dissipation. Peak dissipation can be several
times average with reactive loads. It is particularly impor-
tant to determine dissipation when driving large load
capacitance.

With ac loading, power is divided between the two output
transistors. This reduces the effective thermal resist-
ance, junction to case, to 30°C/W for the TO-39 package
and 15° C/ W for the TO-3 and TO-220 packages, as long
as the peak rating of neither output transistor is ex-
ceeded. Figure 30 indicates the peak dissipation capabil-
ities of one output transistor.



overload protection

The LT101 0 has both instantaneous current limit and
thermal overload protection. Foldback current limiting
has not been used, enabling the buffer to drive complex
loads without limiting. Because of this, it is capable of
power dissipation in excess of its continuous ratings.

Normally, thermal overload protection will limit dissipation
and prevent damage. However, with more than 30V
across the conducting output transistor, thermal limiting
is not quick enough to insure protection in current limit.
The thermal protection is effective with 40V across the
conducting output transistor as long as the load current is
otherwise limited to 150mA.

drive impedance

When driving capacitive loads, the LT101 0 likes to be
driven from a low source impedance at high frequencies.
Certain low power op amps (e.g., the LM1 0) are marginal
in this respect. Some care may be required to avoid
oscillations, especially at low temperatures.

Bypassing the buffer input with more than 200pF will
solve the problem. Raising the operating current also
works, but this cannot be done with the TO-39 package.

equivalent circuit

Below 1MHz, the LT1010 is quite accurately represented
by the equivalent circuit shown in figure A for both small
and large signal operation. The internal element, A1, is

an idealized buffer with the unloaded gain specified for
the LT1010. Otherwise, it has zero offset voltage, bias
current and output resistance. The output of A1 saturates
to its supply terminals.

Loaded voltage gain can be determined from the un-
loaded gain, Av, the output resistance, ROUT, and the
load resistance, RL, using

A - AVLRL
VL - ROUT+ RL .

Maximum positive output swing is given by

V+ _(V+ -VSos) RL
OUT- RSAT+ RL '

where Vsos is the unloaded output saturation voltage and
RSATis the output satu ration resistance.

The input swing required for this output is

+ + ( RoUT)VIN=VOUT 1+R;:- -VOS+dVOS,

where dVOS is the clipping allowed in making the satura-
tion measurements (100mV).

The negative output swing and input drive requirements
are determined similarly. The values given in figure A are
typicals; worst-case numbers are obtained from the data
sheet reproduced on the back page.

V+

IBQR~~J
75"A + 7rl

ROUT
+ Al 7rl

INPUT Av=O.999 OUTPUT

Vos
70mV

R'
811 RSAT=R' +ROUT

VsosT O.lV

V-

figure A. An idealized buffer, A1, as modified by this
equivalent circuit describes the LT1010 at low frequencies.
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absolute maximum ratings
Total Supply Voltage . . . . . . . . . . . . . . . . . . . .. ± 22V
Continuous Output Current. . . . . . . . . . . . .. ± 150mA
Continuous Power Dissipation (Note 1)

LT1010MK 5.0W
LT1010CK 4.0W
LT1010CT 4.0W
LT1010MH 3.1W
LT1010CH 2.5W

InputCurrent(Note2) ±40mA
Operating Junction Temperature

LT1010M -55°Cto150°C
LT1010C O°Cto125°C

Storage Temperature. . . . . . . . . . . .. - 65°C to 150°C
Lead Temperature (Soldering, 10sec.) 300°C

electrical characteristics

V-(CASE)

KOVAR BASE TO-39 PACKAGE

LT1010MH, LTl010CH

DDfRONT~)UTPUTO~':(TA')
o INPUT

lT1010M lT1010C
UNITSSYMBOL PARAMETER CONOITIONS(NOTE 3)

MIN MAX MIN MAX

Vos Output Offset Voltage Note 3 20 110 0 150 mV

• -10 220 -20 220 mV
Vs= ± 15V, V,N=O 40 90 20 100 mV

IB Input Bias Current 10UT=0 0 150 0 250 JJA
IOUTs150mA 0 250 0 500 JJA

• 0 300 0 800 JJA

Av Large Signal Voltage Gain • 0.995 1.00 0.995 1.00 V/V

ROUT Output Resistance 10UT= ± 1mA 6 9 5 10 0
10UT= ± 150mA 6 9 5 10 0

• 12 12 0
Slew Rate Vs=±15V,V,N=±10V

VOUT= ±8V, RL =1000 75 75 VIpS

Vsos Positive Saturation Offset Note 4, 10UT=0 1.0 1.0 V

• 1.1 1.1 V

Vsos Negative Saturation Offset Note 4, 10UT=0 0.2 0.2 V

• 0.3 0.3 V
RSAT Saturation Resistance Note 4, 10UT= ± 150mA 18 22 0

• 24 28 0
VB1AS Bias Terminal Voltage Note 5, RB1AS=200 750 810 700 840 mV

• 560 925 560 8BO mV
Is Supply Current 'OUT=O,'BIAS=O 8 9 mA

• 9 10 mA

Note 1: For case temperatures above 25°C, dissipation must be derated
based on a thermal resistance of 25°C/W with the K and T packages or
40°C/W with the H package. See applications information.
Note 2: in current limit or thermal limit, input current increases sharply
with input-output differentials greater than 8V; so input current must be
limited. Input current also rises rapidly for input voltages 8V above V+
or 0.5V below V-.
Note 3: Specifications apply for 4.5V sVs s40V, V - +0.5V sV,N s
V+ -1.5V and 10UT=0, unless otherwise stated. Temperature range is
-55°CsTjs150°C, Tcs125°C, for the LT1010Mand 0°CsTjs125°C,
Tcs100°C, for the LT1010C. The. and boldface type on limits denote
the specifications that apply over the fUll temperature range.

Note 4: The output saturation characteristics are measured with 100mV
output clipping. See applications information for determining available
output swing and input drive requirements for a given load.
Note 5: With the TO-3 and TO-220 packages, output stage quiescent
current can be increased by connecting a resistor between the bias pin
and V +. The increase is equal to the bias terminal voltage djvided by this
resistance.
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Considerations for Successive Approximation
A - D Converters

The most popular A -+ D method employed today is the
successive approximation register (SAR) converter (see
Box, "The Successive Approximation Technique"). Numer·
ous monolithic, hybrid and modular devices embodying
the successive approximation technique are available,
and monolithic devices are slowly gaining in performance.
Nevertheless, hybrid and modular SAR types feature the
best performance. In particular, at the 12·bit level, the
fastest monolithic devices currently available require
about 10/ls to convert. Modular and hybrid units achieve

Rl
lk

FULL-SCALE
TRIM

R2'
6.49k

20 14

-
PARALLEL!OUTPUTS

conversion speeds below 2/ls, although they are quite ex-
pensive. Because of these factors, it is often desirable to
build, rather than buy, a high speed 12-bit SAR converter.
Even in cases where high speed is not required, lower cost
may still mandate building the circuit instead of using a
monolithic device.

Figure 1 shows a simple 12·bit, 12/ls SAR converter. Under·
standing this circuit's performance limitations is useful in
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designing faster converters. Figure 2 shows waveforms of
operation. Trace A is the clock, which is applied to the
2504 IC successive approximation register (SAR), while
Trace B is the start pulse. On the rising edge of the start
pulse, the SAR-DAC combination begins to test each bit,
beginning with the MSB. This action is reflected in condi·
tions at the LT1011's positive input (Trace C). This wave·
form is seen to sequentially converge towards zero as the
SAR, DAC and comparator servo the node. After the LSB
has been converted the "conversion complete" (CC) line
(Trace D) goes high, signaling the end of the sequence.
The 7475 latch prevents the comparator from responding
to input noise or shifts after the conversion is complete. It
is reset at the next "conversion command". The major
limitations on speed in this circuit are the DAC and the
comparator. Most bipolar DACs require 150-200ns to set·
tie for a worst-case (full-scale) step and the comparator's
delay time must also be accounted for. The clamp diodes
limit overdrive, aiding comparator response. Additionally,
the 820n resistor to ground shunts the DACs output
capacitance, helping the comparator-DAC node settle
more quickly. The shunt degrades the voltage per-LSB
available to the comparator, but the LT1011's high gain
makes up for this.
In general, this is a fairly typical 12-bit SAR converter with
good speed and low cost. To get higher conversion speed
requires more sophisticated circuitry.

Figure 3 shows a circuit which uses a clock modulation
scheme to decrease conversion time. The A - D is identi-
cal to Figure 1's circuit, but the clock terminal (CP) is driv-
en by a 2 speed oscillator. Figure 4 shows operating
details. A convert command pulse (Trace A) initiates the
SAR routine. Simultaneously, the 7474 flip-flop's Q output
is set high (Trace C), biasing Q1. This causes the 47pF
capacitor to be paralleled with the 33pF unit. These
capacitors are part of the timing network of C1, which is
configured as an oscillator. C1's output pulses (Trace B)
drive the SAR's clock terminal ("CP" in the schematic).
After the third MSB has been converted, the flip-flop is re-
set (Trace C). Q1 goes off and the clock oscillator (Trace B)
speeds up. The increase in clock speed results in less
dwell time per bit at the DAC-comparator junction (Trace
D), allowing faster total conversion time. Trace E, the
conversion complete pulse ("CC"), drops low 7.5JLs after
the conversion started.

This clock modulation approach buys significantly im-
proved speed, but does nothing to get around the compar-
ator's contribution to delay. Minimizing comparator delay
would seem to be as simple as using a faster device. At
the 8 or even 10-bit level this usually works, but 12-bit per-
formance raises problems. Replacing the LT1011, a 150ns
device, with a 10ns LT1016 increases speed, but de-
creases available gain. The LT1011 has a minimum gain of
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200,000. The LT1016's high speed sacrifices gain. Mini·
mum gain for this device is 1400. For a 10V full·scale
A - 0, the LSB size is given by:

To switch a full TTL output level with 1/2 LSB overdrive
(1.22mV), the comparator must have a minimum gain of:

5V
1.22mV = 4,098.

Rl
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A=5V/OIV

B=10V/OIV

C= lOV/OIV
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This figure clearly means the comparator cannot do the
job without some help. The input signal reduction caused
by the shunt resistor at the DAC output worsens the prob-
lem. Finally, the comparator's speed degrades for such
low level overdrives.

The solution to the aforementioned difficulties is to place
a gain stage ahead of the comparator. While the gain
stage adds some delay, it also increases gain, providing
the needed overdrive to the comparator.

Figure 5 shows a simple pre·amplifier. This pre·amp·com·
parator combination gives adequate gain and an overall
response time of 40·50ns. A1 is set up as a Schottky
bounded amplifier. The bound diodes prevent A1 from
saturating due to excessive summing point overdrive, aid·

;'
./

_--/ R

SHUNT

ing response time. The 10pF. capacitor, a typical value,
compensates DAC output capacitance and is selected for
best amplifier damping. The 10k feedback resistor, also
typical, is chosen for best gain·bandwidth performance.
Voltage gains of 4 to 10 are common. Figure 6 shows per·
formance. Trace A, a test input pulse, causes A1's output
(Trace B) to slew through zero (screen center horizontal
line). When A1 crosses zero, C1's input biases negative
and it responds (C1's output is Trace C) 10ns later with a
TTLoutput.
A simple circuit like this results in faster comparisons.
Substituted for the LT1011 in Figure 3's circuit, it permits
conversion times in the 3·5/ls range. Further reduction
in conversion time is possible with a faster discrete
preamplifier.

} OUTPUT
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Figure 7 shows a very fast pre-amplifier built with GHz
range transistors. This cascoded differential amplifier is
placed ahead of C1, an LT1016. 04 and 05 provide bias
current compensation for 01 's base current. Figure 8

shows results for a test input signal (Trace A). C1's output
(Trace B) switches in 15-20ns. About 10ns of this delay is
due to C1, with the pre-amplifier contributing the rest.

O.Ol"F-r
15011 620W

-~
" " OACIr'-

/' +5V
/'

---""

} OUTPUT
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Figure 9 shows the discrete pre-amplifier used in a very
fast 12-bit SAR converter. The design utilizes a variety of
techniques to attain extremely high speed. Primary speed
enhancing features include a closed loop clock control

method and active summing node clamping. The circuit
achieves a full 12-bit conversion in 1.8JLS, about the practi-
callimit with off-the-shelf components.
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The design is similar in concept to Figure 3, except that
the fast pre-amplifier replaces the LT1011. Additionally,
the clock speed change is implemented with the digital
logic shown. Unlike before, the clock rate is accelerated
after the fifth MSB is converted. During conversion of the
upper four bits, the clock rate is controlled by a closed
loop to maximize overall speed. The loop monitors condi-
tions at the DAC-comparator summing node. If the node is
outside ± 50mV, the SAR is clocked at the maximum rate.
For node responses inside ± 50mV, the clock rate is
retarded, giving adequate time for settling. The clock loop
speeds conversion by not waiting for bits which aren't go·
ing to settle within ± 50mV. C2 and C3 form a high speed
window comparator which delivers summing node in·
formation in digital form to the clock logic.

Figure 10 shows the effects of the closed loop clocking
scheme. Trace A is the convert command. Trace B is the
gated output of the C2-C3 window comparator. Trace B's
state controls the clock line, which is Trace C. Trace D is
the summing point, and the dwell time-per-bit is controlled
by the window comparator's decision. Beyond the fifth bit,
the SAR's 06 line instructs the clock logic to run at maxi-
mum speed. As described to this point, the circuit
achieves a 1.9/ls conversion time.

If the 74121 one-shot and associated circuitry are
included, conversion time is reduced to 1.8/ls. These

A= lOV/DIV

B=IOV/DIV
C=IOV/DIV
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components form an active clamp at the DAC·comparator
summing node. Each time the SAR clock is pulsed (Trace
A, Figure 11), the 74121 puts out a 30ns FET gate pulse
(Trace B). The FET comes on, shunting the summing node
(Trace C) to ground. The FET's low on resistance aids DAC
settling by discharging the DACs 30pF output capacitance
for 30ns. The summing node (Trace C) is reset to zero by
this action at each SAR-directed step. When the one shot
times out, the node settles to its final value. This active
clamping results in about a 10ns-per-bit time
savings.

This circuit's 1.8/ls conversion time is very close to what is
practically achievable for a 12·bit SAR A - D converter.
The special techniques used result in an effective DAC
settling time of about 100ns per bit. Comparator-pre-amp
delay is about 20ns per bit and SAR chip delays are in the
25ns per bit range. Adding these together gives;
(1OOns+ 20ns + 25ns x 12 = 1.74/ls. The comparator and
SAR delays, about 31% of the total, are not easily
reduced. A discrete Schottky SAR design and a faster pre-
amp can cut this figure somewhat, but the DAC settling
time, 69% of the total, remains. The effective 100ns/bit
DAC settling time compares favorably with published
specifications for monolithic DACs, and is not readily re-
ducible. Beyond this speed, other conversion methods are
required.
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The Successive Approximation Technique

The successive approximation technique is probably as
old as the first crude weighing scale everconstructed. It is
most easily visualized when considering the operation of a
beam balance. The unknown weight, in one pan, is
determined by successive trails with standard weights
placed in the other pan. Overweight-underweight deci-
sions are made by the balance as standard weights (and
combinations of them) are successively tried in a logical
sequence which converges towards balancing the scale.

Successive approximation A - D converters start with
the MSB and proceed toward the LSB as each under·over
decision is made.The figure shows the summing node re-
sponse (Trace A) as the DAC, instructed by the clock driv-
en (Trace B) successive approximation register (SAR)
logic, tries different bit weights. The comparator's deci-
sions are also shown (Trace C). Note how the summing
point sequentially converges towards zero, the analog of
null in a beam balance.

Digital to Analog Converters in SAR
Applications
Selecting a DAC for use in an SAR·basedA - D requires
some thought. Most often, bipolar current mode DACsare
employed because of their higher speed. CMOS DACs
ouput capacitance, in the 100-150pFrange, causes exces-
sive summing node settling times. Monolithic bipolar
types, in the 30pF region, settle more quickly. Voltage
mode output DACs are almost never used because they
are not necessary to achieve summing action and they are
substantially slower than current output types.

Speed il: often important, and since the DAC is the slow-
est part of the converter, it should be carefully considered.
Settling time specifications for DACs are usually stated

VOLTAGE
INPUT

for full·scale transitions. Smaller bit changes take less
time, so some interpretation of the full-scale settling time
number can be made when considering the DACseffective
settling time-per-bit in an A - D application. Unfortunate-
ly, the complex dynamics of DAC internals prevent simple
straight line calculations (e.g.,1 LSB will not settle in 1/12
the time of full-scale for a 12-bit unit). At moderate speeds,
the simplest course is to allow the specified full-scale set-
tling time for each bit decision. This conservative method
will never get you into trouble, but almost certainly
guarantees slower than necessary DAC performance. The
best way to find out just how far you can push the DACs
settling time specifications in an SAR application is to
consult the manufacturer. Additionally, it is worthwhile to
actually measure the settling time under conditions appro-
priate to the intended use (see LTC Application Note 10,
"Methods for Measuring Op Amp Settling Time", for cir-
cuits readily adaptable to DAC settling time measure-
ments). The wide variety of DACs and individual output
termination requirements make obtainable results vary
considerably. However, some guidelines on what to ex-
pect are possible. For example, the popular 565A type,
specified at 250ns full-scale settling time into Oil, can
achieve 110-150nseffective settling time-per-bit in SARap-
plications with careful design. It is also worth noting that
the dynamics of DACtypes can vary considerably between
manufacturers of what is nominally the same part.

Speed is not the only concern. The DACs DC specifica-
tions translate directly into A - D error terms. Linearity,
drift, accuracy and other DCterms contribute on a 1:1 ba-
sis to the A - D's error characteristics. One specification,
monotonicity, can contribute a particularly nasty term.
The effect of a non-monotonic DAC is an inability of the
A - D to produce some output codes ("missing codes")
under any input condition.
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Power Gain Stages for Monolithic Amplifiers

Most monolithic amplifiers cannot supply more than a few
hundred milliwatts of output power. Standard IC processing
techniques set device supply levels at 36V, limiting available
output swing. Additionally, supplying currents beyond tens of
milliamperes requires large output transistors and causes
undesirable IC power dissipation.

Many applications, however, require greater output power
than most monolithic amplifiers will deliver. When voltage or
current gain (or both) is needed, a separate output stage is
necessary. The power gain stage, sometimes called a
"booster," is usually placed within the monolithic amplifier's
feedback loop, preserving the IC's low drift and stable gain
characteristics.

Because the output stage resides in the amplifier's feedback
path, loop stability is a concern. The output stage's gain and
AC characteristics must be considered if good dynamic per-
formance is to be achieved. Overall circuit phase shift, fre-
quency response and dynamic load handling capabilities are
issues that cannot be ignored when designing a power gain
stage for a monolithic amplifier. The output stage's added
gain and phase shift can cause poor AC response or outright
oscillation. Judicious application of frequency compensation
methods is needed for good results (see box section, "The
Oscillation Problem").

The type of circuitry used in an output stage varies with the
application, which can be quite diverse. Current and voltage
boosting are common requirements, although both are often
simultaneously required. Voltage gain stages are usually as-
sociated with the need for high voltage power supplies, but
output stages which inherently generate such high voltages
are an alternative.

A simple, easily used current booster is a good place to begin
a study of power gain stages.

150mA Output Stage

Figure 1A shows the LT1010 monolithic 150mA current
booster placed within the feedback loop of a fast FET ampli-
fier. At lower frequencies, the buffer is within the feedback
loop so that its offset voltage and gain errors are negligible.
At higher frequencies, feedback is through Ct, so that phase
shift from the load capacitance acting against the buffer out-
put resistance does not cause loop instability.

Small signal bandwidth is reduced by Ct, but considerable
load isolation can be obtained without reducing it below the
power bandwidth. Often a bandwidth reduction is desirable
to filter high frequency noise or unwanted signals.

The LT1010 is particularly adept at driving large capacitive
loads, such as cables.

The follower configuration (Figure 1B) is unique in that
capacitive load isolation is obtained without a reduction in
small signal bandwidth, although the output impedance of
the buffer has a 10MHz bandwidth without capacitive load-
ing, yet it is stable for all load capacitance to over O.3JLF.

Figure 1C shows LT101Q's used in a bridge type differential
output stage. This permits increased voltage swing across
the load, although the load must float.

All of these circuits will deliver 150mA of output current. The
LT1010 supplies short circuit and thermal overload protec-
tion. Slew limit is set by the op amp used.

High Current Booster

Figure 2 uses a discrete stage to get 3A output capacity. The
configuration shown provides a clean, quick way to increase
LT1010 output power. It is useful for high current loads, such
as linear actuator coils in disk drives.
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The 33n resistors sense the LT101O's supply current, with the
grounded 100n resistor supplying a load for the LT101O.The
voltage drop across the 33n resistors biases 01 and 02. An·
other 100n value closes a local feedback loop, stabilizing the

output stage. Feedback to the LT105Qcontrol amplifier is via
the 10k value. 03 and 04, sensing across the O.1Sn units, fur·
nish current limiting at about 3.3A.

C

Figure 1. LT1010 Output Stages
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The output transistors have low Ft, and no special frequency
compensation considerations are required. The LT1056 is
rolled off by the 68pF capacitor for dynamic stability, and the
15pF feedback capacitor trims edge response. At full power
(± 10V, 3A peaks), bandwidth is 100kHz and slew rate about
10V/lls.

Ultra· Fast Fed-Forward Current Booster

The previous circuits place the output stage booster within
the op amp's feedback loop. Although this ensures low drift
and gain stability, the op amp's response limits speed.
Figure 3 shows a very wideband current boost stage. The
LT1012 corrects DC errors in the booster stage, and does not
see high frequency signals. Fast signals are fed directly to
the stage via 05 and the 0.011lF coupling capacitors. DC and
low frequency signals drive the stage via the op amp's output.
This parallel path approach allows very broadband perform-
ance without sacrificing the DC stability of the op amp. Thus,
the LT1012's output is effectively current and speed boosted.

The output stage consists of current sources 01 and 02 driv-
ing the 03-05 and 04-07 complementary emitter followers.
The transistors specified have Ft's approaching 1GHz, result-
ing in a very fast stage. The diode network at the output
steers drive away from the transistor bases when output cur-
rent exceeds 250mA, providing fast short circuit protection.
Net inversion in the stage means the feedback must return to
the LT1012's positive input. The circuit's high frequency
summing node is the junction of the 1k and 10k resistors at
the LT1012. The 10k-39pF pair filters high frequencies, permit-
ting accurate DC summation at the LT1012's positive input.
The low frequency roll-off of the fast stage is matched to the
high frequency characteristics of the LT1012 section,
minimizing aberration in the circuit's AC response. The 8pF
feedback capacitor is selected to optimize settling charac-
teristics at the highest speeds.

This current boosted amplifier features a slew rate in excess
of 1000V/IlS, a full power bandwidth of 7.5MHz and a 3dB
point of 14MHz. Figure 4 shows the circuit driving a 10V pulse
into a 500 load. Trace A is the input and Trace B is the output.

8.2"F SOLID
TANTALUM

+~

300 15pF

~

15pF

~
8.2"F
SOLID

TANTALUM

~
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Slew and settling characteristics are quick and clean, with
pulse fidelity approaching the quality of the input pulse
generator. Note that this circuit relies on summing action,
and cannot be used in the non-inverting mode.

Simple Voltage Gain Stages

Voltage gain is another type of output stage. A form of volt-
age gain stage is one that allows output swing very near the
supply rails. Figure 5A utilizes the resistive nature of the com-
plementary outputs of a CMOS logic inverter to make such a
stage. Although this is an unusual application for a logic in-
verter, it is a simple, inexpensive way to extend an amplifier's
output swing to the supply rails. This circuit is particularly

useful in 5V powered analog systems, where improvements
in available output swing are desirable to maximize signal
processing range.

The paralleled logic inverters are placed within the LT1013's
feedback loop. The paralleling drops output resistance, aid-
ing swing capability. The inversion in the loop requires the
feedback connection to go to the amplifier's positive input.
An RC damper eliminates oscillation in the inverter stage,
which has high gain-bandwidth when running in its linear re-
gion. Local capacitive feedback at the amplifier gives loop
compensation. The table provided shows that output swing is
quite close to the positive rail, particularly at loads below
several milliamperes.

LOAD
1000

10k OUTPUT SWING 1k 10k
5k +4.92V-D.OOV
25k +484V-0.OOV

T
2000PF

1k +4.65V-0 OOV 200pF
2200 + 3.65V-0.OOV
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Figure 58 is similar, except that the CMOS inverters drive
bipolar transistors to reduce saturation losses, even at rela-
tively high currents. Figure 6A shows Figure 58's output
saturation characteristics. Note the extremely low saturation
limits below 25mA. Removing the current limit circuitry per-
mits even better performance, particularly at high output
currents.

Figure 68 shows waveforms of operation for circuit
Figure 5A. The LT1013's output (Trace 8) servos around the
74C04's switching threshold (about 1/2 supply voltage) as it

;;-
S 600

~ 550

~ 500
~ 450

i 400
0; 350
I

to 300,.
::; 250
z
Q 200~
~ 150
~ 100

~ 50
is 0

o 25 50 75 100 125 150 175 200
OUTPUT lOAO (mAl

Figure 6A. Figure 58's Saturation Characteristics

controls the circuit's output (Trace A). This allows the ampli-
fier to operate well within its output swing range while con-
trolling a circuit output with nearly rail-to-rail capability.

High·Current Rail-to·Rail Output Stage

Figure 7 is another rail-to-rail output stage, but features
higher output current and voltage capability. The stage's volt-
age gain and low saturation losses allow it to swing nearly to
the rails while simultaneously supplying current gain.

10k lN4148
INPUT

OUTPUT

lN4148

470n

OUTPUT
±SWING SATURATION LIMITCURRENT

100,,1\ 100mV
lmA 160mV

lOmA 300mV 15k 02

100mA 600mV (150mV WITH 2N3904

CURRENT LIMIT REMOVEO) 5n

-15V
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Q3 and Q4, driven from the op·amp, provide complementary
voltage gain to output transistors Q5-Q6. In most amplifiers,
the output transistors run as emitter followers, furnishing cur·
rent gain. Their VSEdrop, combined with voltage swing limita·
tions of the driving stage, introduces the swing restrictions
characteristic of such stages. Here, Q5 and Q6 run common
emitter, providing additional voltage gain and eliminating VSE
drops as a concern. The voltage inversion of these devices
combines with the drive stage inversion to yield overall
non·inverting operation. Feedback is to the LT1022's negative
input. The 2k·3900 local feedback loop associated with each
side of the booster limits stage gain to about 5. This is neces-
sary for stability. The gain bandwidth available through the
Q3-Q5 and Q4·Q6 connections is quite high, and not readily
controllable. The local feedback reduces the gain bandwidth,
promoting stage stability. The 100pF·2000 damper across
each 2k feedback resistor provides heavy gain attenuation at
very high frequencies, eliminating parasitic local loop oscilla-
tions in the 50·100MHz range. Q1 and Q2, sensing across the
50 shunts, furnish 125mA current limiting. Current flow above
125mA causes the appropriate transistor to come on, shut·
ting off the Q3·Q4 driver stage.

Even with the feedback enforced gain·bandwidth limiting, the
stage is quite fast. AC performance is close to the amplifier
used to control the stage. Using the LT1022, full power band·
width is 600kHz and slew rate exceeds 23V/flS under 100mA
output loading. The chart in the figure shows output swing
versus loading. Note that, at high current, output swing is
primarily limited by the 50 current sense resistors, which may
be removed. Figure 8 shows response to a bipolar input pulse
for 25mA loa?ing. The output swings nearly to the rails, with
clean dynamics and good speed.

± 120V Output Stage

Figure 9 is another voltage gain output stage. Instead of mini-
mizing saturation losses, it provides high voltage outputs
from a ± 15V powered amplifier. Q1 and Q2 furnish voltage
gain, and feed the Q3·Q4 emitter follower outputs. ± 15V
power for the LT1055 control amplifier is derived from the high
voltage supplies via the zener diodes. Q5 and Q6 set current
limit at 25mA by diverting output drive when voltages across
the 270 shunts become too high. The local1M-50k feedback
pairs set stage gain at 20, allowing ± 10V LT1055 drives to
cause full ± 120Voutput swing. As in Figure 7, the local feed·
back reduces stage gain·bandwidth, making dynamic control
easier. This stage is relatively simple to frequency compen·
sate because only Q1 and Q2 contribute voltage gain. Addi·
tionally, the high voltage transistors have large junctions, reo
suiting in low Ft's, and no special high frequency roll·off
precautions are needed. Because the stage inverts, feedback
is returned to the LT1055's positive input. Frequency com·
pensation is achieved by rolling off the LT1055 with the local
100pF·10k pair. The 33pF capacitor in the feedback peaks
edge response and is not required for stability. Full power
bandwidth is 15kHz with a slew limit of about 20V/flS. As
shown, the circuit operates in inverting mode, although non·
inverting operation is possible by exchanging the input and
ground assignments at the LT1055's input. Under non·invert-
ing conditions, the LT1055's input common·mode voltage lim·
its must be observed, setting the minimum non-inverting gain
at 11. If over·compensation is required, it is preferable to in·
crease the 100pF value, instead of increasing th e 33pF loop
feedback capacitor. This prevents excessive high voltage
energy from coupling to the LT1055's inputs during slew. If it
is necessary to increase the feedback capacitor, the



summing point should be diode clamped to ground or to the
LT1055 supply terminals. Figure 10 shows results with a
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± 12V input pulse (Trace A). The output (Trace B) responds
with a cleanly damped 240V peak·to·peak pulse.
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Figure 11 is a similar stage, except that Figure 9's output
transistors are replaced with vacuum tubes. Most of this
stage is conceptually identical to Figure 9, but major changes
are needed to get the vacuum tube output to swing nega·
tively. Positive swing is readily achieved by simply replacing
Figure 9's NPN emitter follower with a cathode follower (V1A).
Negative outputs require PNP 03 to drive a zener biased com-
mon cathode configuration. The transistor inverter is necessi-
tated because our thermionic friends have no equivalent to
PNP transistors, Zener biasing of V1 B's cathode allows 03's
swing to cut off the tube, a depletion mode device,

Without correction, the DC biasing asymmetry caused by the
03-V1 B configuration will force the LT1055 to bias well away
from zero. Tolerance stack-up could cause saturation limiting

in the LT1055's output, reducing overall available swing, This
is avoided by skewing the stage's bias string with the poten-
tiometer adjustment. To make this adjustment, ground the in-
put and trim the potentiometerforOVout at the LT1055.

Figure 11's full power bandwidth is 12kHz, with a slew rate of
about 12V/p.s. Figure 12 shows response to a bipolar input
(Trace A), The output responds cleanly, although the slew and
settling characteristics reflect the stage's asymmetric gain-
bandwidth. This stage's output is extremely rugged, due to
the inherent forgiving nature of vacuum tubes. No special
short circuit protection is needed, and the output will survive
shorts to voltages many times the value of the ± 150V
supplies,

4

G12.6VAG

V1 HEATER
5

12.6 VAG

Figure 11. Rugged ± 120V Output Stage Employing Mr. De Forest's
Descendants. DANGER! High Voltages Present. Use Caution.

10"s/DlV

Figure 12. Figure 11's Response. Asymmetric Slew and Settling Are Due
to Q3-V1 B Connection. DANGER! High Voltages Present. Use Caution.



Application Note 18

Unipolar Output, 1000V Gain Stage

Figure 13 shows a unipolar output gain stage which swings
1000V and supplies 15W. This boost stage has the highly de·
sirable property of operating from a single, low voltage
supply. It does not require a separate high voltage supply. In·
stead, the high voltage is directly generated by a switching
converter which is an integral part of the gain stage.

A2's output drives 03, forcing current into T1. T1's primary is
chopped by MOSFET's 01 and 02, which receive comple·
mentary drive from the 74C04 based square wave oscillator.
A 1 supplies power to the oscillator. T1 provides voltage step·
up. Its rectified and filtered output is the boost stage's output.

T1 ~PE6197. PULSE ENGINEERING
01. 02=IRF 533
•.••• =lN4148 UNLESS NOTED

The 1M·10k divider furnishes feedback to A2, closing a loop
around it. The O.01JLFcapacitor from 03's emitter to A2's
negative input gives loop stability and the O.002JLFunit trims
step response damping. C1 is used for short circuit limiting.
Current from 01 and 02 passes through the O.HI shunt. Ab·
normal output currents cause shunt voltage to rise, tripping
C1's output low. This simultaneously removes drive from 03,
01 and 02's gates and the oscillator, resulting in output shut·
down. The 1k-1000pF filter ensures that C1 does not trip due
to current spikes or noise during normal operation.
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A2 supplies whatever drive is required to close the loop,
regardless of the output voltage called for. The low, resistive
saturation losses of the VMOS FETs combined with A2's
servo action allows controlled outputs all the way down to OV.

Substituting higher power devices for 01 and 02 along with a
larger transformer allows more output power, although dis·
sipation in 03 will become excessive. If higher power is de-
sired, a switched mode stage should be substituted for 03 to
maintain efficiency.

The O.1IlF filter capacitor at the output limits full power band·
width to about 60Hz. Figure 14 shows dynamic response at
full load. Trace A, a 10V input, produces a 1000V output in
Trace B. Note that slew is faster on the leading edge, because
the stage cannot sink current. The falling edge slew rate is
determined by the load resistance.

:!: 15V Powered, Bipolar Output, Voltage Gain Stage

Figure 13's output is limited to unipolar operation because
the step-up transformer cannot pass DC polarity information.

Obtaining bipolar output from a transformer based voltage
booster requires some form of DC polarity restoration at the
output. Figure 15's :!: 15V powered circuit does this, using
synchronous demodulation to preserve polarity in its ± 100V
output. This booster features 150mA current output, 150Hz
full power output and a slew rate of O.1V/lls.

The high voltage output is generated in similar fashion to
Figure 13's circuit. The 74C04 based oscillator furnishes com·
plementary gate drive to VMOS devices 01 and 02, which
chop 03's output into T1, a step·up transformer. In this
design, however, a synchronously switched absolute value
amplifier is placed between servo amplifier A1 and 03's drive
point. Input signal polarity information, derived from A1's out·
put, causes C1 to switch the LTC1043 section located at A2's

positive input. This circuitry is arranged so that A2's output is
the positive absolute value of A1's input signal. A second,
synchronously switched LTC1043 section gates oscillator
pulses to the appropriate SCR trigger transformer at the out·
put. For positive inputs LTC1043 pins 2 and 6 are connected,
as well as pins 3 and 18. A2, acting as a unity gain follower,
passes A1's output directly and drives 03. Simultaneously,
oscillator pulses are conducted through an inverter via
LTC1043 pin 18. The inverter drives trigger transformer T2,
turning 04 on. 04, biased from the full wave bridge's positive
point, supplies positive polarity voltage to the output.
Negative inputs cause the LTC1043 switch positions to reo
verse. A2, functioning as an inverter, again supplies 03 with
positive voltage drive. The Schottky diode at A2 prevents the
LTC1043 from seeing transient negative voltages. Oscillator
pulses are directed to SCR 05 via LTC1043 pin 15, its asso·
ciated inverter and T3. This SCR connects the full wave
bridge's negative point to the output. Both SCR cathodes are
tied together to form the circuit's output. The 100k-10k di·
vider supplies feedback to A 1 in the conventional manner.
The synchronous switching allows polarity information to be
preserved in the stage's output, permitting full bipolar opera·
tion. Figure 16 shows waveforms for a sine wave input. Trace
A is A1's input. Traces Band Care 01 and 02's drain wave·
forms. Traces D and E are the full wave bridge's negative and
positive outputs, respectively. Trace F, the circuit output, is
an amplified, reconstructed version of A1's input. Phase
skewing between the SCR switching and the carrier borne
signal causes some distortion at the zero crossover. The
amount of skew is both load and signal frequency dependent,
and is not readily compensated. Figure 17 shows distortion
products (Trace B) at a 10Hz output (Trace A) at full load
(± 100V at 150mA peak). Residual high frequency carrier
components are clearly present, and the zero point SCR
switching causes the sharp peaks. RMS distortion measured
1% at 10Hz, rising t06% at 100Hz.

Figure 14. Figure 13's Pulse Response. DANGER! High Vollages Present, Use Caullon.,
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Tl = TRIAD TY-92
T2. B=SPRAGUE 112-2003
-+I- ~ lN4148 UNLESS NOTED

A= lOV/DIV

B=20V/DIV

C=20V/DIV

D=100V/DIV

E = 100V/DIV

Figure 16. Figure 15's Operating Details. DANGER! High
Volta s Present. Use Caution.
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C2 supplies current limiting in identical fashion to Figure 13's
scheme. Frequency compensation is also similar. A O.Q1JLF
capacitor at A1 gives loop stability, while the O.02JLF
feedback unit sets damping.

Figure 18 summarizes the capabilities of the power gain
stages presented, and should be useful in selecting an ap·
proach for a given application.

FIGURE VOLTAGE CURRENT FULL POWER COMMENTSGAIN GAIN BANDWIDTH
1A No Yes, 150mA output 600kHz Simple, easy.
18 No Yes, 150mA output 1.5MHz Simple, easy.
2 No Yes,3A 100kHz
3 No Yes,200mA 7.5MHz Feedforward technique gives high bandwidth >1000Vf~sslew. Inverting

operation only.
5A,58 Yes No Depends on op amp Simple stages allow wide swing, almost to rails.
7 Yes Yes, 125mA 600kHz High current, nearly rail·to·rail swing capability.
9 Yes, ± 120V Yes, 25mA 15kHz Good, general purpose high voltage stage.
11 Yes, ± 120V Yes, 25mA 12kHz Almost indestructable output.
13 Yes, + 1000V No 60Hz High voltage output with no external high voltage supplies required. Limited

bandwidth with assymetrical slewing. Positive outputs only.
15 Yes, ± 100V Yes, 150mA 150Hz High voltage outputs with no external high voltage supplies. Limited band·

width. Full bipolar output.

The Oscillation Problem
(Frequency Compensation Without Tears)

All feedback systems have the propensity to oscillate. Basic
theory tells us that gain and phase shift are required to build
an oscillator. Unfortunately, feedback systems, such as
operational amplifiers, have gain and phase shift. The close
relationship between oscillators and feedback amplifiers reo
quires carefUl attention when an op amp is designed. In par·
ticular, excessive input·to-output phase shift can cause the
amplifier to oscillate when feedback is applied. Further, any
time delay placed in the amplifier's feedback path introduces
additional phase shift, increasing the likelihood of oscilla·
tion. This is Why feedback loop enclosed power gain stages
can cause oscillation.

A large body of complex mathematics is available which de
scribes stability criteria, and can be used to predict stabilit
characteristics of feedback amplifiers. For the most sophis-
ticated applications, this approach is required to achieve
optimum performance.

However, little has appeared which discusses, in practical
terms, how to understand and address the issues of com·
pensating feedback amplifiers. Specifically, a practical ap-
proach to stabilizing amplifier·power gain stage combina·
tions is discussed here, although the considerations can be
generalized to other feedback systems.
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Oscillation problems in amplifier·power booster stage com·
binations fall into two broad categories; local and loop os·
cillations. Local oscillations can occur in the boost stage, but
should not appear in the IC op amp, which presumably was
debugged prior to sale. These oscillations are due to transis·
tor parasitics, layout and circuit configuration caused insta-
bilities. They are usually relatively high in frequency, typically
in the O.5MHzto 100MHz range. Usually, local booster stage
oscillations do not cause loop disruption. The major loop
continues to function, but contains artifacts of the local os·
cillation. Text Figure 7 furnishes an instructive example. The
03·05 and 04-06 pairs have high gain bandwidth. The in·
tended resistive feedback loops allow them to oscillate in the
5O-100MHzregion without the 100pF-2000 network shunting
the DC feedback. This network rolls off gain·bandwidth, pre-
venting oscillation. It is worth noting that a ferrite bead in
series with the 2kfi resistor will give similar results. In this
case, the bead raises the inductance of the wire, attenuating
high frequencies.

The photo in Figure 81 shows text Figure 7 following a bipo-
lar squarewave input with the local high frequency RC com·
pensation networks removed. The resultant high frequency
oscillation is typical of locally caused disturbances. Note
that the major loop is functional, but the local oscillation cor·
rupts the waveform.

Eliminating such local oscillations starts with device selec-
tion. Avoid high Ft transistors unless they are needed. When
high frequency devices are in use, plan layout carefully. In
very stubborn cases, it may be necessary to lightly bypass
transistor junctions with small capacitors or RC networks.
Circuits which use local feedback can sometimes require
careful transistor selection and use. For example, transistors
operating in a local loop may require different Ft'Sto achieve

stability. Emitter followers are notorious sources of oscilla-
tion, and should never be directly driven from low impedance
sources.

Text Figure 5 uses an RC damper network from the 74C04in-
verters to ground to eliminate local oscillations. In that circuit
the 74C04's are forced to run in their linear region. Although
their DC gain is low, bandwidth is high. Very small parasitic
feedback terms result in high frequency oscillations. The
damper network provides a low impedance to ground at high
frequency, breaking up the unwanted feedback path.

Loop oscillations are caused when the added gain stage sup-
plies enough delay to force substantial phase shift. This
causes the control amplifier to run too far out of phase with
the gain stage. The control amplifier's gain combined with
the added delay causes oscillaton. Loop oscillations are
usually relatively low in frequency, typically 10Hz-1MHz.

A good way to eliminate loop caused oscillations is to limit
the gain·bandwidth of the centrol amplifier. If the booster
stage has higher gain·bandwidth than the control amplifier,
its phase delay is easily accommodated in the loop. When
control amplifier gain-bandwidth dominates, oscillation is as-
sured. Under these conditions, the control amplifier hope·
lessly tries to servo a feedback signal which consistently ar·
rives "too late." The servo action takes the form of an elec-
tronic tail chase, with oscillation centered around the ideal
servo point.

Frequency response roll·off of the control amplifier will al·
most always cure loop oscillations. In many situations it is
preferable to "brute force" compensation using large capaci-
tors in the major feedback loop. As a general rule, it is wise to
stabilize the loop by rolling off control amplifier gain-band-
width. The feedback capacitor serves to trim step response
only and should not be relied on to stop outright oscillation.
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Figures 82 and 83 illustrate these issues. The 600kHz gain-
bandwidth LT1012 amplifier used with the LT1010 current
buffer produces the output shown in Figure 82. The LT1010's
20MHz gain-bandwidth introduces negligible loop delay, and
dynamics are clean. In this case, the LT1012's internal roll-off
is well below that of the output stage, and stability is
achieved with no external compensation components.
Figure 83 uses a 15MHz LT318A as the control amplifier. The
associated photo shows the results. Here, the control amplifi·
er's roll-off, close to the output stages, causes problems. The
phase shift through the LT1010 is now appreciable and oscil·
lations occur. Stabilizing this circuit requires degenerating
the LT318A's gain-bandwidth (see text Figure 1).

The fact that the slower op amp circuit doesn't oscillate is a
key to understanding how to compensate booster !QOps.With
the slow device, compensation is "free". The faster amplifier
makes the AC characteristics of the output stage become
significant and requires roll-off components for stability.

Text Figure 9's high voltage stage is an interesting case. The
high voltage transistors are very slow devices, and the LT1OS5
amplifier has a much higher gain-bandwidth than the output
stage. The LT1OS5is locally compensated by the 10k-100pF
network, giving it an integrator-like response. This compensa-
tion, combined with the damping provided by the 33pF feed·
back capacitor, gives good loop response. The procedure
used to compensate this circuit is typical of what is done to
stabilize boosted amplifier loops and is worth reviewing_
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With no compensation components installed, the circuit is feedback capacitor (33pF) is selected to give the optimum
turned on and oscillations are observed (photo, Figure B4). damping shown in text Figure 10.
The relatively slow oscillation frequency suggests a loop os-
ci!lation problem. The LT10SSgain-bandwidth is degenerated When making tests like these, remember to investigate the ef
with the RC components around the amplifier. The RC time fects of various loads and output operating voltages. Som
constant is chosen to eliminate oscillations and give the best times a compensation scheme which appears fine gives bad
possible response (photo, Figure BS)with no loop feedback results for some output conditions. For this reason,check the
capacitor in place. Observe that the 1f.lStime constant se- completed circuit over as wide a variety of operating condi-
lected offers significant attenuation at the oscillation tions as possible.
frequency noted in the photo, Figure 84. Finally, the loop
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LT1070 Design Manual

Three terminal monolithic linear voltage regulators appeared
almost 20 years ago, and were almost immediately success-
ful for a variety of reasons. In particular, there were relatively
few engineers capable of designing a good linear voltage
regulator. The new devices were also easy to use, and inex-
pensive. In currently popular parlance they were "expert sys-
tems", containing a good deal of their designer's knowledge
in silicon form. Because of these advantages, the regulators
quickly eclipsed discrete and earlier monolithic building
blocks and dominated the market.

More recently, there has been increasing interest in
switching·based regulators. Switching regulators, with their
high efficiency and small size, are increasingly desirable as
overall package sizes have shrunk. Unfortunately, switching
regulators are also one of the most difficult linear circuits to
design. Mysterious modes, sudden failures, peculiar regula·
tion characteristics and just plain explosions are common
occurrences during the design of a switching regulator.

Most switching regulator ICs are building blocks. Many dis-
crete components are required, and substantial expertise is
assumed on the part of the user. Some newer devices in·
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clude the power switch on the die, but still require a signif·
icant amount of engineering to apply. Finally, there has
been a notable lack of comprehensive and practical applica·
tion literature support from manufacturers.

These considerations are reminiscent of the state of linear
regulator design when the first three terminal monolithic
regulators appeared. Given this historical lesson, the
LT1070five terminal switching regulator has been designed
for ease of use and economy. It does not require the user to
be well schooled in switching regulator design, and is versa·
tile enough to be used in all the popular switching regulator
configurations. To obtain maximum user benefit, a signif·
icant applications effort has been associated with this part.
This note covers both ancillary tutorial material as well as
direct operating considerations for the part. It is intended to
be used "as required". For those in a mission-oriented
hurry, much of the discussion can be ignored, and bread·
boards constructed with a high probability of success. The
more academically inclined reader may choose to peruse
the material more carefully. Either approach is valid, and
the note is intended to satisfy both.
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PREFACE

Smaller Versions of the LT1070

Since this application note was written, several new ver-
sions of the LT1070have been developed. The LT1071and
LT10n are identical to the LT1070except for switch cur-
rent ratings, 2.5A and 1.25A, respectively. Designs which
result in lower switch currents can take advantage of the
cost savings of these smaller chips. Design equations for
the LT1071and LT10n are identical to the LT1070with the
following exceptions:

=5A
=2.5A
= 1.25A
::::0.20
::::0.40
::::0.80
::::8AIV
::::4AIV
::::2AIV

LT1070
LT1071
LT10n
LT1070
LT1071
LT1072
LT1070
LT1071
LT10n

Vc Pin to Switch Current
Transconductance

Also available in the 2nd quarter of 1989will be 100kHzver·
sions of the LT1070/71172.

Inductance Calculations

Feedback from readers of AN19 shows that there is confu-
sion about the use of Lli to calculate inductance values. Lli
is the change in inductor or primary current during switch
"on" time, and the suggested value is approximately 20%
of the peak current rating of the LT1070switch (5A), or in
some cases, 20% of the average inductor current. This
20% rule-of-thumb is designed to give near maximum out-
put power for a given switch current rating. If maximum
output power is not needed, much smaller inductors/trans-
formers may be used by allowing Lli to increase. The
design approach is to calculate peak inductor/switch cur·
rent (Ip) using the formulas provided in AN19, with L= 00.

Then compare this current to the peak switch current. The
difference is the "room" allowable for LlI;

LlIMAX= 2 (ISWITCH(PEAKj-Ip).

This formula assumes continuous mode operation. If LlI,
as calculated by this formula, exceeds Ip, it may be possi-
ble to go to discontinuous mode operation, with further reo
ductions in inductance. Discontinuous mode requires
higher switch currents and not all the AN19 topologies
show design equations for this mode, but it should defi-
nitely be considered for very low output powers or where
inductor/transformer size is critical. All topologies work
well in discontinuous mode with the exception of fully
isolated flyback. Drawbacks of discontinuous mode in·
elude higher output ripple and slightly lower efficiency.

Example 1: Negative buck convertor with VIN= - 24V,
Your: - 5V, lour: 1.5A

. (VIN- VOUT)(VOUT)
Ip(equation 37)= lOUT+ 2 V f (L ) -lour: 1.5A

- IN- - ::::00

LlIMAX= 2(lsw -Ip) = 2(5-1.5) = 7A (1070)
= 2(2.5-1.5) = 2A (1071)
= 2(1.25-1.5) = NA (1072)

The LT10n is too small (Ip> Isw), so select the LT1071,
which yields a maximum Lli of 2A. A conservative value
of actual Lli is selected at 1A. This allows room for effi-
ciency losses and variations in component values. Using
equation 37:

L (VIN- VOUT)(VOUT)_ (24-5)(5) =99 H
- VIN(LlI)-f (24)(1)(40k) p.

Example 2: Flyback converter with VIN= 6V, VOUT=
± 15V@35mA, and 5V@0.2A, N = 0.4 (primary to 5V sec-
ondary). For calculations, the entire output power of 2.05W
is referred to the 5V secondary, yielding one value for
N(OA),VOUT(5V),and lOUT= OA1A.



Application Note 19

Using Equation 79:
lOUT(VOUT ~ (VIN)(VOUT)

IP=T v;; + N) + 2efe(VOUT+ N VIN)e(L= 00)-

0.41A (5V . 1\
. 0.75 6V + O.~ = 0.674A

The LT1072 is large enough to handle this current,
yielding;

III MAX = 2 (1.25A- 0.674A)= U5A

Using a conservative value of O.7Afor III (note that this is
56% of the 1.25A Max LT1072switch current, not 20%),
and equation 77,yields:

L = (VIN)(VOUT) (6)(5)
Illef(VOUT+ N VIN)- (0.7)(40k)(5+ 0.4e6) -145/lH

Protecting the Magnetics

A second problem for LT1070designers has been protec-
tion of the magnetics under overload or short circuit
conditions. Physical size restraints often require induc-
tors or transformers which are not specified to handle the
full current limit values of the LT1070.This problem can be
handled in several ways.

1. Use an LT1071or LT1072 if full load current require-
ments allow it.

2. Take advantage of the fact that the LT1070current limit
drops at higher temperatures. The worst-case current limit
values shown on the old data sheets allow for both tem-
perature extremes with one specification. New data
sheets will specify a maximum of 10A for the LT1070,5A
for the LT1071,and 2.5A for the LT1072at temperatures of
25°C or higher. Be aware that the temperature dependence
of current limit has been improved considerably on the
LT1070since the original data sheet was printed. The old

value was greater than - 0.3%/oC, while the new figure is
under - 0.1%/oC. The current limit graphs on the new data
sheets reflect this improved characteristic.

3. Reconsider the necessity of limiting the inductor/trans-
former current to the manufacturers' specification. Maxi-
mum current ratings in many cases are determined by
core saturation considerations. Allowing the core to satu-
rate does not harm the core. Core or winding damage
occurs only if temperatures rise so far that material
properties are permanently altered. Core saturation used
to be considered a "fatal" condition for conventional
switchers because currents would "run away" and destroy
switches or diodes. The LT1070 limits current on an
instantaneous cycle-by-cycle basis, preventing current
"run away" even with grossly overdriven cores. The major
consideration then is the heating effect of the winding cur-
rent (12 R).Under short circuit conditions, winding currents
in inductors are nearly constant at the current limit value
of the LT1070.Transformer secondarywinding currents are
nearly constant at 1/N times the LT1070current limit. This
assumes that the core is not heavily saturated. If the core
saturates significantly below the current limit values, RMS
winding current will be significantly /owerthan the current
limit. The best way to resolve this complex situation is to
actually measure core/winding temperature with a thermo-
couple under overload conditions. The thermocouple
should be "buried" as deeply as possible in the windings
and/or core to reflect peak temperatures. The magnetic
and electric fields generated by the switching may affect
the thermocouple meter. If this occurs, simply check the
temperature periodically by turning off power. Consult
with the magnetics manufacturer to determine peak
allowable temperatures, with permanent damage as the
criteria, not performance specifications. The major failure
mode is winding shorts caused by insulation melting.
High temperature insulation is available from most
manufacturers.
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New Switch Current Specification

The LT1070was specified at 5A peak switch current, for
duty cycles of 50% or less. At higher duty cycles the peak
current was limited to 4A. This abrupt change in specifi-
cation at 50% duty cycle was bothersome because many
designs operate near 50% duty cycle and require maxi·
mum possible output power.To solve this problem, switch
current limit on new data sheets will be specified as a lin·
early decreasing function, from 5A at 50% duty cycle to 4A
at 80% duty cycle. The LT1071and LT1072will also be
specified this way.

High Supply Voltages

It has become apparent that many applications for the
LT1070have maximum input voltages which exceed 40V.
The straightforward approach is to use the "HV" devices
which are specified at 60V,but in some cases the standard
part can be used at lower cost simply by dropping supply
voltage with a zener diode as shown. The LT1070supply
pin (VIN)requires only a few volts to operate, so in most
cases the unregulated input voltage range is not compro-
mised with this zener.Zener dissipation can be calculated
from Iz",6mA + Isw(0.0015+ DC/40):

Isw= LT1070average switch current during "on" time
DC= duty cycle

For Isw= 4A, DC= 30%; Iz= 42mA.

A 20Vzener would dissipate (20)(42)= 0.84W.Note that this
power would be dissipated anyway in the LT1070,so no
loss in efficiency occurs. The resistor, Rz, is necessary for
startup. Without it, a latch-off condition exists where the
VIN pin sits more than 16V negative with respect to the
switch pin. If the LT1070is not switching and the FB pin is
below O.5V,the LT1070is in the "isolated flyback" mode
where it is trying to regulate the VINto Vsw voltage. When
this voltage exceeds 16V, the regulator thinks it should
reduce duty cycle to zero, resulting in a permanent
"no·switching" state. Rz forces the VINpin to rise enough
to initiate startup. The user need not be concerned that

the VIN to ground pin voltage exceeds 40V during this
state because Rz is too large to allow harmful currents to
flow.

Some attention needs to be paid to Cz. The LT1070is very
tolerant of noise and ripple on the VIN pin, but Cz may be
necessary in some applications. The problem is that 01
must charge Cz when power is applied. If power comes up
very rapidly, 01 might exceed its one cycle surge rating.

,..-----
I
I
I
I
I....L..

c-r""
(OPTIONAL~ I

I
I
I

Discontinuous "Oscillations" (Ringing)

Many customers have called about oscillations occurring
on the switch pin during a portion of the switch "off" time.
These are not oscillations. They are a damped ringing
caused by the transition to a zero-current state in the in-
ductor or transformer primary. At light loads, or with low
inductance values, inductor current will drop to zero duro
ing switch off time. This causes the inductor voltage to
collapse toward zero. In doing so, however,energy is trans·
ferred back to the inductor from the parasitic capacitance
of the switch, inductor, and catch diode. The inductor and
capacitance form a parallel resonant tank which "rings."
This ringing is not harmful as long as its peak amplitude
does not result in a negative voltage on the switch pin. It
can be damped, if desired, by paralleling the inductorl
primary with a series R/C damper, typically 1000-1 kO,and
500pF- 5000pF. Typical undamped ringing frequency is
100kHz-1MHz.
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The LT1070 is a current mode switcher. This means that
switch duty cycle is directly controlled by switch current
rather than by output voltage. Referring to the block diagram,
the switch is turned "on" at the start of each oscillator cycle.
It is turned "off" when switch current reaches a predeter·
mined level. Control of output voltage is obtained by using
the output of a voltage sensing error amplifier to set current
trip level. This technique has several advantages. First, it has
immediate response to input voltage variations, unlike ordi·
nary switchers which have notoriously poor line transient
response. Second, it reduces the 90° phase shift at midfre·
quencies in the energy storage inductor. This greatly sim·
plifies closed loop frequency compensation under widely
varying input voltage or output load conditions. Finally, it
allows simple pulse·by·pulse current limiting to provide maxi·
mum switch protection under output overload or short condi·
tions. A low·dropout internal regulator provides a 2.3V supply
for all internal circuitry on the LT1070. This low-dropout de·
sign allows input voltage to vary from 3V to 60V with virtu·
ally no change in device performance. A 40kHz oscillator is
the basic clock for all internal timing. It turns "on" the output
switch via the logic and driver circuitry. Special adaptive anti·
sat circuitry detects onset of saturation in the power switch
and adjusts driver current instantaneously to limit switch
saturation. This minimizes driver dissipation and provides
very rapid turn-off of the switch.

A 1.2V bandgap reference biases the positive input of the er·
ror amplifier. The negative input is brought out for output
voltage sensing. This feedback pin has a second function;
when pulled low with an external resistor, it programs the
LT1070 to disconnect the main error amplifier output and
connects the output of the flyback amplifier to the compara·
tor input. The LT1070 will then regulate the value of the fly·
back pulse with respect to the supply voltage. This flyback
pulse is directly proportional to output voltage in the tradi·
tional transformer coupled flyback topology regulator. By
regulating the amplitude of the flyback pulse, the output
voltage can be regulated with no direct connection between
input and output. The output is fully floating up to the break·
down voltage of the transformer windings. Multiple floating
outputs are easily obtained with additional windings. A spe·
cial delay network inside the LT1070 ignores the leakage
inductance spike at the leading edge of the flyback pulse to
improve output regulation.

The error signal developed at the comparator input is brought
out externally. This pin lYe) has four different functions. It is
used for frequency compensation, current limit adjustment,
soft starting, and total regulator shutdown. During normal
regulator operation this pin sits at a voltage between 0.9V
(low output current) and 2.0V (high output current). The error
amplifiers are current output (gm) types, so this voltage can
be externally clamped for adjusting current limit. Likewise, a
capacitor coupled external clamp will provide soft start.
Switch duty cycle goes to zero if the Vc pin is pulled to ground
through a diode, placing the LT1070 in an idle mode. Pulling
the Vc pin below 0.15V causes total regulator shutdown, with
only 50llA supply current for shutdown circuitry biasing.
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PIN FUNCTIONS
Input Supply (VIN)

The LT1070 is designed to operate with input voltages from
3V to 40V (standard) or 60V (HV units). Supply current is es-
sentially flat over this range at about 6mA (with zero output
current). With increasing switch current, the supply current
(during switch on-time) increases at a rate approximately 1/40
of switch current, corresponding to a forced hFEof 40 for the
switch.

Undervoltage lockout is incorporated on the LT1070 by sens-
ing saturation of the lateral PNP pass transistor which drives
an internal 2.3V regulator. A remote collector on this transis-
tor conducts current and locks out the switch for input volt-
ages below 2.5V. No hysteresis is used to maximize the
useful range of input voltage. Operating the regulator right at
the 2.5V threshold may result in a "burping" action as the
LT1070 turns on and off in response to wobbles in input volt-
age, but this will not harm the device. External undervoltage
lockout can be added if it is desirable to raise the threshold
voltage. The circuit shown in Figure 1 is one example of how
to implement this.

The threshold of this circuit is approximately Vz + 1.5V. Below
that voltage, D2 pulls the Vc pin low to shut off the regulator.

Ground Pin

The ground pin (case) of the LT1070 is important because it
acts as both the negative sense point for the internal error
amplifier and as the high current path for the 5A switch. This
is not normally good design practice, but was necessary in a
5-pin package configuration. To avoid degradation of load
regulation, Kelvin connections should be made to the ground
pin. This is done on the TQ·3 package by tying one end of the
package to power ground and the other end to the feedback
divider resistor (analog ground). This is illustrated in Figure 2.

For best load regulation, the resistance in the switch current
path must be kept low. 0.010 of wire resistance creates 50mV
drop at 5A switch current. This is a 1% change in a 5V output,
and actually causes the output to increase with increasing
load current.

SWITCH CURRENT!
PATH-KEEP

RESISTANCE TO
A MINIMUM

~FEEOBACK
DlVIOER

LOAO CURRENT
PATH-KEEP RESISTANCE

TO A MINIMUM

TO
OUTPUT (+)

TO OUTPUT GNO
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With the TO·220 package, (Figure 3) connect the feedback reo
sistor directly to the ground pin with a separate wire if no
case connection is made. The case can be used as a second
ground pin if desired.

Avoid long wire runs to the ground pin to minimize load
regulation effects and inductive voltages created by the high
dildt switch current. A ground plane will keep EMI to a
minimum.

Feedback Pin

The feedback pin is the inverting input to a single stage error
amplifier. The non·inverting input to this amplifier is internally
tied to a 1.244V reference as shown in Figure 4.

Input bias current of the amplifier is typically 350nA with the
output of the amplifier in its linear region. The amplifier is a

GND Vsw

Vc FB \ i V,N

TO
OUTPUT /

OUTPUT
DIVIDER

gm type, meaning that it has high output impedance with
controlled voltage·to-current gain (gm ",4400/Lmhos). DC volt·
age gain with no load is ",BOO.

The feedback pin has a second function; it is used to program
the LT1070 for normal or flyback·regulated operation (see de·
scription of block diagram). In Figure 4, 053 is biased with a
base voltage of approximately 1V. This clamps the feedback
pin to about OAV when current is drawn out of the pin. A cur·
rent of ",10/LA or higher through 053 forces the regulator to
switch from normal operation to flyback mode, but this
threshold current can vary from 3/LAto 30/LA. The L T1070 is in
flyback mode during normal startup until the feedback pin
rises above 0.45V. The resistor divider used to set output volt-
age will draw current out of the feedback pin until the output
voltage is up to about 33% of its regulated value.

SEPARATE
GROUND
PATH

1
SWITCH
CURRENT
PATH
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If it is desired to run the LT1070 in the fully isolated f1yback
mode, a single resistor is tied from the feedback pin to
ground. The feedback pin then sits at a voltage of ::::OAVfor
R = 8.2kn. The actual voltage depends on resistor value since
the feedback pin has about 2000 output impedance in this
mode. 500~ in the resistor will drop the feedback pin voltage
from 0.4V to 0.3V. Minimum current through the resistor to
guarantee flyback operation is 5O~. Actual resistor value is
chosen to fine-trim flyback regulated voltage. (See discussion
of isolated flyback mode operation and graphs of feedback
pin characteristics.)

An internal 300 resistor and 5.6V zener protect the feedback
pin from overvoltage stress. Maximum transient voltage is
± 15V. This high transient condition most commonly occurs
during fast fall time output shorts if a feedforward capacitor
is used around the feedback divider. If a feedforward capaci-
tor is used for DC output voltages greater than 15V, a resistor
equal to VouT/20mA should be used between the divider node
and the feedback pin as shown in Figure 5.

Keep in mind when using the LT1070 that the feedback pin
reference voltage is referred to the ground pin of the
regulator, and the ground pin can have switch currents ex-
ceeding SA. Any resistance in the ground pin connection will
degrade load regulation. Best regulation is obtained by tying
the grounded end of the feedback divider directly to the
ground pin of the LT1070, as a separate connection from the
power ground. This limits output voltage errors to just the
drop across the ground pin resistance instead of multiplying
it by the feedback divider ratio. See discussion of ground pin.

300 FEEDBACK
PIN

Compensation Pin (yc)

The Vc pin is used for frequency compensation, current limit-
ing, soft start, and shutdown. It is the output of the error am-
plifier and the input .of the current comparator. The error
amplifier circuit is shown in Figure 6.

057 and 058 form a differential input stage whose collector
currents are inverted and multiplied times four by 055 and
056.055 current is further inverted by 060 and 061 to gener-
ate a current fed balanced output which can swing from the
2.3V rail down to a clamp level of ::::OAVas set by R21 and
062. The 60llA tail current of the input transistors sets the gm
of the error amplifier at 4400llmhos. Voltage gain with no load
is limited by transistor output impedance at ::::800.Maximum
source and sink current is ::::220IlA.

The voltage on the Vc pin determines the current level at
which the output switch will turn off. For Vc voltage below
0.9V (@25°C), the output switch will be totally off (duty
cycle = 0). Above 0.9V, the switch will turn on at each oscilla-
tor cycle, then turn off when switch current reaches a trip
level set by Vc voltage. This trip level is zero at Vc=0.9V, and
increases to about 9A when Vc reaches its upper clamp level
of 2V. These numbers are based on a duty cycle of 10%. Above
10%, switch turn-off is a function of both switch current and
time. The time dependence is caused by a small ramp fed into
the current amplifier input. This ramp starts at ::::40% duty cy-
cle, and is the source of the bend in the Vc vs duty cycle graph
shown in Figure 7. This ramp is used to prevent a phenomenon
peculiar to "current mode" switching regulators known as sub-
harmonic oscillation. See section on Subharmonic Oscillations
for further details.

FEEDFORWARD CAPACITOR
USED FOR IMPROVED
LOOP TRANSIENT RESPONSE
OR SOFT START
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A second amplifier output is also tied to the Vc pin. This "fly-
back mode" amplifier is turned on only when current is drawn
out of the feedback pin. This condition occurs during startup
in the normal mode until the feedback divider has raised the
voltage at the feedback pin above 0.45V. It is a permanent
condition when the LT1070 is programmed for isolated fly-
back mode by tying a single resistor from the feedback pin to
ground.

In the isolated flyback mode, S1 is closed and the feedback
pin is low, totally disabling the main amplifier. S2 and S3 are
turned on only during the "off" state of the output power tran-
sistor and then, only after a 1.5JLs delay following output tran-
sistor turn-off. This prevents transient flyback spikes from
causing poor regulation. S2 current is fixed at 3QJLA.S3 cur·
rent can rise to a maximum of '" 70JLA, allowing the Vc pin to
source 30JLA and sink 40JLA in the flyback mode. gm of the fly-
back amplifier is typically 300JLmho.

When the Vc pin is externally pulled below 0.15V, a shutdown
circuit is activated. 024 and 018 perform this function. 024 is
a special "high VsE" diode whose forward voltage is about
150mV higher than 018 VSE. Pulling current out of 018 acti-
vates shutdown and turns off all internal regulator functions
except for a 50JLA-100JLA trickle current needed to bias 018
and 024. See characteristic curves for details of the VII
properties of the Vc pin in shutdown.

Loop frequency compensation can be performed with an RC
network connected from the Vc pin to ground. An optional
compensation is to connect the RC network between the Vc
pin and the feedback pin. See Loop Frequency Compensation
section.

Output Pin

The Vsw pin of the LT1070 is the collector of the internal NPN
power switch. This NPN has a typical on resistance of 0.150
and a breakdown voltage (BVcso) of 85V. Very fast switching
times and high efficiency are obtained by using a special
driver loop which automatically adapts base drive current to
the minimum required to keep the switch in a quasi-satura-
tion state. This loop is shown in Figure 8.

0104 is the power switch. Its base is driven by 0101, whose
collector is returned to VIN. 0101 is turned on and off by 0102.
In parallel with 0102 is a second, larger transistor (0103)
which pulls high reverse base current out of 0104 for rapid
switch turn-off. The key element in the loop is the extra emit-
ter on 0104. This emitter carries no current when 0104 collec-
tor is high (unsaturated). In this condition, the driver, 0101,
can deliver very high base drive to the switch for fast turn-on.
When the switch saturates, the extra emitter acts as a collec-
tor and pulls base current away from the driver. This linear
feedback loop servoes itself to keep the switch just at the

;i
~ 60

t;
>5 40
<>
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edge of saturation. Very low switch currents result in near·
zero driver current, and high switch currents automatically in·
crease driver current as necessary. The ratio of switch current
to driver current is approximately 40:1. This ratio is deter·
mined by the sizing of the extra emitter and the value of 11.
The quasi·saturation state of the switch permits rapid turn·off
without the need for reverse base·emitter voltage drive.

Also tied to the Vsw pin is the input circuitry for the flyback
mode error amplifier as shown in Figure 9. This circuitry
draws no current from the Vsw pin when the switch pin is
less than 16V above VIN because the diodes block current.
When Vsw is more than 16V above VIN, ::::500JlAis drawn out
of the switch pin because the reference diodes (01 and 02)
and 010 turn on. This 500JlA current level is set by the ratio
of collector areas on the two·collector lateral PNP 010 and
the value of 12. 09 is reverse biased in this state. The 16V
transition point sets the flyback mode reference voltage.
The flyback reference voltage can be increased above 16V
by drawing additional current through R1 via 052. The am·
plitude of this current is determined by the size of the resis·
tor tied to the feedback pin. See discussion of Isolated
Flyback Mode Operation.

BASIC SWITCHING REGULATOR TOPOLOGIES
There are many possible switching regulator configurations,
or "topologies". In any particular regulator requirement, the

possible choices are narrowed somewhat by constraints of
polarity, voltage ratio, and fault conditions (simple boost
regulators cannot be current limited), but this may still leave
the designer with several choices. To convert + 28V to + 5V,
for instance, the list of possible topologies includes buck, fly·
back, forward and current boosted buck. The following dis·
cussion of topologies is limited to those which can be real·
ized with the LT1070, but this covers nearly all the low to me·
dium power DC·to·DC conversion requirements.

Buck Converter

Figure 10a shows the basic buck topology. S1 and S2 open
and close alternately so that the voltage applied to L1 is ei·
ther VIN or zero. DC output voltage is then the average voltage
applied to L1. If T1 is the time S1 is closed, and T2 is the time
it is open, Your is equal to:

Vour= VIN • _T_1 -= VIN. DC
T1 + T2

where, by convention, duty cycle (DC) is defined as the ratio
ofT1 to T1 + T2; DC = T1/(T1 + T2). (2)

Note that the definition of duty cycle allows only for values
between 0 and 1. The formula for VOUTtherefore shows a ba·
sic property of buck converters; the output voltage is always
less than the input voltage.

TO REMAINDER OF
FLYBACK MODE CIRCUITRY

DRIVING Vc PIN.



This simple formula also tells much about switching regula-
tors in general. The most important point is what is not in the
equation, and that includes L 1, C1, frequency, and load cur-
rent. To a first approximation, the output voltage of a
switching regulator depends only on the duty cycle of the
switching network, and input voltage.This is a very important
point which must be kept firmly in mind when analyzing
switching regulators.

Diodes may be used to replace switches when unidirectional
current flow exists. In Figures 10b and 10c, single-switch
buck regulators are shown with diodes used to replace 52.
Diodes cause some loss in efficiency, but simplify the design,
and reduce cost. Notice that when 51 is closed, D1 is reverse
biased (ofn and that when 51 opens, the current flow through
L1 forces the diode to become forward biased (on). This du-
plicates the alternate switching action of two switches. There
is an exception to this condition, however. If the load current
is low enough, the current through L1 will drop to zero some-
time during 51 off time. This is known as discontinuous mode
operation. Buck regulators will be in discontinuous mode for
any load current less than;

V (1 VOUT)IOUT~ OUT - Vi; f = switching frequency (3)
2-f-L1

Discontinuous mode alters the original statement that output
voltage depends only on input voltage and switch duty cycle
because a third state of the switches now exists with diodes
replacing 52; namely both switches off. Waveforms for volt-
age and current of 51, D1, L1, C1, and the input source are
shown for both continuous and discontinuous modes of
operation.

Normally it is not important to avoid discontinuous mode
operation at light load currents. A possible exception to this
would be when the "on" time of 51 cannot be reduced to a
low enough value to prevent the lightly loaded output from
drifting unregulated high. If this occurs, most switching regu-
lators will begin "dropping cycles" wherein 51 does not turn
on at all for one or more cycles. This mode of operation main-
tains control of the output, but the subharmonic frequencies
generated may be unacceptable in certain situations.
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A general property of "perfect" switching regulators is that they
do not dissipate power in the process of converting one volt·
age or current to another; in other words, they are 100% effi·
cient. This is to be expected from an inspection of Figure 10a:
there are no components which dissipate power,' only
switches, inductors and capacitors. The following formula
can then be stated;

POUT= PINor, (lOUT)(VOUT)= (IIN)(VIN)

~~~ lOUT(VOUT)
VIN

This shows that the average current drawn by the input of a
switching regulator can be much higher or lower than the
load current, depending on the ratio of output to input
voltage. If this simple fact is ignored, the designer may realize
too late that his low voltage to high voltage converter will
draw more current from the low voltage supply than it is capa·
ble of handling.

Boost Regulators

The basic boost regulator shown in Figure 11a has an output
voltage given by;

VOUT= 1 ~I~C (continuous mode) (6)

DC is duty cycle, the ratio of 81 "on" time to "off" time, as·
suming that 81 and 82 open and close alternately. Duty cycle
can take on values only between 0 and 1; therefore, the output
voltage of a boost regulator is always higher than the input
voltage.

In Figure 11b, a diode has replaced 82 to realize a boost regu-
lator with a single switch. The voltage and current waveforms
for all the components including the source are shown, both
for continuous and discontinuous mode. Note that the cur·
rent drawn from the input and delivered in pulses to the load
is significantly higher than the output load current. The ampli·
tude of input current and peak switch and diode current is
equal to;

Ip = lOUT. VVOUT(continuous mode) (7)
IN

Average diode current is equal to lOUTand average switch cur·
rent is lOUT• (VOUT- VIN)IVIN,both of which are significantly
less than peak current. The switch, diode, and output capaci·
tor must be specified to handle the peak currents as well as
average currents. Discontinuous mode requires even higher
ratios of switch current to output current.

One drawback of boost regulators is that they cannot be cur·
rent limited for output shorts because the current steering
diode, D1, makes a direct connection between input and
output.

----lOUT
----0

JtlbOoUT
W~OUT

DISCONTINUOUS MODE

MVOUT

S1 _ V'N

°
D1l r--rr;:: ~~NUT

U U-o

L1l,ll-;:=~'N
U U-I-lVOUT-V'N

L1 01

V'N~V0UT-Lt'
S1JLJLV

OUT
V'N

°D1l n rVOUT

U U-o

L 1 =+-+=+-J= ~'N

U U~I-lVOUT
----VOUT
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Combined Buck·Boost Regulator

Buck-boost regulators (Figure 12)are used to generate an out-
put with the reverse polarity of the input. They look similar to
a boost regulator except that the load is referred to the induc-
tor side of the input instead of the switch side. Buck-boost
regulators have an output voltage given by;

VOUT: -VIN (~)
1-DC

With duty cycle varying between 0 and 1, the output voltage
can vary between zero and an infinitely high value. The cur-
rent and voltage waveforms show that, like boost regulators,
the peak switch, diode, and output capacitor currents can be
significantly higher than output current and these compo-
nents must be sized accordingly.

IpEAK: --'.Q.L!L: lOUT(VOUT+ VIN)(continuous mode) (9)
1- DC VIN

Maximum switch voltage is equal to the sum of input plus
output voltage. The forward turn-on time of D1 is therefore
very important in higher voltage applications to prevent
additional switch stress.

'Cuk Converter

The 'Cuk converter in Figure 13 is named after 810bodan 'Cuk,
a professor at Cal Tech. It is like a buck-boost converter in
that input and output polarities are reversed, but it has the

j1

- V,N

advantage of low ripple current at both input and output. The
optimum topology version of the 'Cuk converter eliminates
the disadvantage of needing two inductors by winding them
both on the same core, with exact 1:1 turns ratio. With slight
adjustments to L1 or L2, either input ripple current or output
ripple current can be forced to zero. An improved version even
exists which results in both ripple currents going to zero. This
considerably eases the requirements on size and quality of in-
put and output capacitors without requiring filters.

The switch must handle the sum of input and output current;

IpEAK(81): IIN+ IOUF lOUT (1 + V~~T) (10)

The ripple current in C2 is equal to lOUT,so this capacitor
must be large. It can be electrolytic, however, so physical size
is not normally a problem.

Flyback Regulator

Flyback regulators (Figure 14) use a transformer to transfer
energy from input to output. During 81 "on" time, energy
builds up in the core due to increasing current in the primary
winding. At this time, the polarity of the output winding is
such that D1 is reverse biased. When 81 opens, the total
stored energy is transferred to the secondary winding and
current is delivered to the load. The turns ratio (N) of the trans-
former can be adjusted for optimum power transfer from in-
put to output.

-L
VIN~-

co 6, C2
51
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IPEAK(81) = lour (N VIN+ Your) (continuous mode)
VIN

Notice that peak switch current can be reduced to a minimum
by using a very small value for N. This has two negative
consequences however; the switch voltage and diode current
become very large during switch off time. For a given maxi-
mum switch voltage, optimum power transfer occurs at
VIN = 1/2 VMAX.

Both input ripple current and output ripple current are high in
a f1yback regulator, but this disadvantage is more than offset
in many cases by the ability to achieve current or voltage gain
and the inherent isolation afforded by the transformer. Out-
put voltage is given by;

VOUr=VIN. N.~ (11)
1-DC

With any value of N, a duty cycle between 0 and 1 can be
found which generates the required output. Flyback regula-
tors can have an output voltage which is higher or lower than
the input voltage.

A disadvantage of flyback regulators is the high energy which
must be stored in the transformer in the form of DC current in
the windings. This requires larger cores than would be neces-
sary with pure AC in the windings.

Forward Converter

A forward converter (Figure 15) avoids the problem of large
stored energy in the transformer core. It does this, however,
at the expense of an extra winding on the transformer, two
more diodes, and an additional output filter inductor. Power

is transferred from input to the load through 01 during switch
"on" time. When the switch turns "off", 01 reverse biases and
L1 current flows through 02. Output voltage is equal to;

Vour= VIN· N· DC (12)

The additional winding and 03 are required to define switch
voltage during switch "off" time. Without this clamp, switch
voltage would jump all the way to breakdown at the moment
the switch is opened due to the magnetizing current flowing
in the primary. This "reset" winding normally has a 1:1 turns
ratio to the primary which limits switch duty cycle to 50%
maximum. Above this duty cycle, switch current rises uncon-
trolled even with no load because the primary winding cannot
maintain zero DC voltage. Reducing the number of turns on
the reset winding will allow higher switch duty cycles at the
expense of higher switch voltage.

Output voltage ripple of forward converters tends to be low
because of L1, but input ripple current is high due to the low
duty cycles normally used. A smaller core can be used for T1
compared to flyback regulators because there is no net DC
current to saturate the core.

Current Boosted Boost Converter

This topology in Figure 16 is an extension of the standard
boost converter. A tapped inductor is used to decrease the
switch current for a given load current. This allows higher
load currents at the expense of higher switch voltage. The in-
crease in maximum output power over a standard boost con·
verter is eq ual to;

POUT _ (N + 1)(VOUT)
PSOOST N(VOUT- VIN)+ VOUT

+l':N(]+• VOUT

VIN •

-j



Analysis of this equation shows that significant increases in
power are possible when the input·output differential is low.
Care must be used, however, to ensure that maximum switch
voltage is not exceeded.

The current boosted buck converter in Figure 17 uses a trans·
former to increase output current above the maximum cur·
rent rating of the switch. It accomplishes this at the expense
of increased switch voltage during switch "off" time. The in·
crease in maximum output current over a standard buck con·
verter is equal to:

lOUT _ VIN
IBUCK- VOUT+ N (VIN - VOUT)

In a 15V to 5V converter, for instance, with N = 1/4,

lOUT _ 15 -2
IBUCK 5+1/4(15-5)

This is a 100% increase in output current.

Maximum switch voltage for a current boosted buck con·
verter is increased from VIN to:
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APPLICATION CIRCUITS

BOOST MODE (output voltage higher than input)

The LT1070 will operate in the boost mode with input voltages
as low as 3V and output voltages over 50V. Figure 18 shows
the basic boost configuration for positive voltages. This cir·
cuit is capable of output power levels that depend mainly on
input voltage.

POUT(MAX)''" VIN e Ip [1 -Ip e R (-L - _1_)J (17)
VIN VOUT

'This formula assumes that L1- (Xl

Ip = maximum switch current
R = switch "on" resistance

With VIN = 5V, VOUT= 12V, Ip = 5A, R = 0.20:

POUT(MAX)=5e5 [1-5(0.2) G- 1~)] =22W

With higher input voltages, output power levels can exceed
100W. Power loss internal to the LT1070 in a boost regulator
is approximately equal to:

PIC",(IOUT)2e R~(VOUT)2_ VOUT]+ IOUT(VOUT-VIN) (18)
l VIN VIN 40
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The first term of this equation is the power loss due to the
"on" resistance of the switch (R).The second term is the loss
from the switch driver. For the circuit in Figure 18, with
lour: 1A:

PIC=(1)2. (02) [(J1) 2 _ J1] + (1)(12-5)
. 5 5 40

= 0.672 + 0.175 = 0.85W

The only other significant power loss in a boost regulator is in
the diode, 01, as given by:

Po = VI • lOUT (19)

VI is the forward voltage of the diode at a current equal to
lOUT • VOUTNIN. In the example shown, with lOUT= 1A and
VI=0.8V:

Po = (0.8) (1)= 0.8W

Total power loss in the r~gulator is the sum of PIC+ Po, and
this can be used to calculate efficiency (E):

E = POUT= POUT (20)
PIN POUT+ PIC+ Po

E = (1A)(12V) - 88%
(1)(12) + 0.85 + 0.8

With higher input voltages, efficiencies can exceed 90%.

Maximum output voltage in the boost mode is limited by the
breakdown of the switch to 65V (standard part) or 75V (HV
part). It may also be limited by maximum duty cycle if input
voltage is low. The 90% maximum duty cycle of the LT1070
limits output voltage to ten times the input voltage. For the
simple boost mode, higher ratios of output to input voltage reo
quire a tapped inductor.

Design procedure for a boost regulator is straightforward. R1
and R2 set the regulated output voltage. The feedback pin
voltage is internally trimmed to 1.244V, so output voltage is
equal to 1.244 (R1 + R2)/R2. R2 is normally set to 1.24kO and
R1 is found from:

R1 = R2 (VOUT -1\ (21)
1.244 'j

The 1.24kO value for R2 is chosen to set divider current at
1mA, but this value can vary from 3000 to 10kOwith negligible

effect on regulator performance. For proper load regulation,
R2 must be returned directly to the ground pin of the LT1070,
while R1 is connected directly to the load. For further details,
see Pin Description section.

Inductor

Next, L1 is selected. The tradeoffs are size, maximum output
power, transient response, input filtering, and in some cases,
loop stability. Higher inductor values provide maximum out·
put power and low input ripple current, but are physically larg-
er and degrade transient response. Low inductor values have
high magnetizing current which reduces maximum output
power and increases input current ripple. Low inductance
can also cause a subharmonic oscillation problem if duty cy·
cle is above 50%.

With the aforementioned considerations in mind, a simple
formula can be derived to calculate L1 based on the maxi·
mum ripple current (~I) to be allowed in L1.

L_VIN(VOUT-VIN) (22)
~I· f· VOUT

Example: let ~I = 0.5A, VIN= 5V, VOUT= 12V, f = 40kHz

L - (5)(5 -12) -146 H
- (0.5)(40 x 103)(12) - fL

A second formula will allow a calculation of maximum power
output with this size inductor:

P = VIN [Ip _ VIN (VOUT- VIN) ] [1- Ip· R + Ip· R](23)
(MAX) 2 • L • f • VOUT VIN VOUT
Ip = maximum switch current

Using the values from the previous example, with Ip = 5A,
R=0.20.

P -5 [5 5(12-5) ]x
OUT(MAX)- - 2(146x 10-6)(40 x 103)(12)

[ 1 - 5 • (0.2) G - -&)]
= 5 (5 - 0.25) (0.88) = 21W

Note that the second term in the first set of brackets is the
only one which contains "L", and that this term drops out of
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the equation for large values of L.ln this example, that term is
equal to 0.25A, showing that maximum effective switch cur·
rent, and therefore maximum output power is reduced by
one-half the inductor ripple current in a boost regulator. In
this example, peak effective switch current is reduced from
5A to 4.75A with 0.5A ripple current, a 5% loss. An additional
12% reduction of maximum available power is caused by
switch "on" resistance. At higher input voltages, this switch
loss is significantly reduced.

When continuous inductor current is desired, the value of L1
cannot be decreased below a certain limit if duty cycle of the
switch exceeds 50%. Duty cycle can be calculated from:

DC= VOUT- VIN (24)
VOUT

In this example,

DC= 12-5 =58.3%
12

The reason for a lower limit on the value of L for duty cycles
greater than 50% is a subharmonic oscillation which can oc·
cur in current·mode switching regulators. For futher details of
this phenomenon, see Subharmonic Oscillation section of
this application section. The minimum value of L1 to ensure
no subharmonic oscillations in a boost regulator is:

L1( . )- VOUT-2VINmln - 52x 10

- 12 - 2(5) = 10/lH
- 2x 105

Note that for VOUT=52VIN,there is no restriction on inductor
size. The minimum value of 10/lH obtained in this example is
below the value which would yield continuous inductor cur·
rent, so it is an artificial restriction. Subharmonic oscillations
do not occur if inductor current is discontinuous. The critical
inductor size for continuous inductor current is:

L VIN2(VOUT- VIN)
(CRIT) = -----

2 - f -IOUT(VOUT)2

= (5)2(12-5) _
2 (40 x 103)(1) (12)2 15.2/lH

Discontinuous mode operation is sometimes chosen be·
cause it results in the smallest physical size for the inductor.

The maximum power output is considerably reduced, how·
ever, and can never exceed 2.5 - (VIN)watts with the LT1070.
The minimum inductor size required to provide a given output
power in the discontinuous mode is given by:

LMIN(discontinuous) = 2 lOUT(VOUT- VIN) (27)
Ip2 - f

Example: Let VIN= 5V, VOUT= 12V, lOUT= 0.5A,lp = 5A

LMIN(discontinuous) = (2) (0.5) (12 - 5) = 7/lH
(5)2 - (40 x 103)

This formula does not take into account efficiency losses, so
the minimum value of L should probably be increased by at
least 50% for worst·case conditions. Efficiency is degraded
when using minimum inductor sizes because of higher
switch and diode peak currents.

In summation, to choose a value for L1:
1. Decide on continuous or discontinuous mode.
2.lf continuous mode, calculate C1 based on ripple current

and check maximum power and subharmonic limits.
3.lf discontinuous mode, calculate L1 based on power

output requirements and check to see that output power
does not exceed limit for discontinuous mode
(PMAX= 2.5VIN)

L1 must not saturate at the peak operating current. This value
of current can be calculated from:

I I (VOUT+ Vt)- (lOUT- VOUT- RNIN)
L(PEAK)= OUT (VIN-lOUT - VOUT- RNiN)

+ VIN(VOUT-VIN)
2L1-f-VOUT

VI = forward voltage of D1
R = "on" resistance of LT1070 switch

In this example, with VIN = 5V, VOUT= 12V, VI = 0.8V,
IOUT= 1A, R = 0.2Q, L1 = 150/lH, f = 40kHz;

IL( k) = 1 (12 + 0.8 -1 -12 - (0.2)/5)
pea 5-1 -12 - (0.2)/5

+ 5(12-5)
2(150x 10-6)(40 x 103)(12)

= 2.73 + 0.24 = 3A
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A core must be selected for L1 which does not saturate with
3A peak inductor current.

Output Capacitor

The main criteria for selecting C2 is low ESR (effective series
resistance), to minimize output voltage ripple. A reasonable
design procedure is to let the reactance of the output capaci-
tor contribute no more than 113of the total peak-to-peak out-
put voltage ripple (Vp-p), yielding:

C2> VOUT-lOUT (28)
- f (VIN+ VOUT)(0.33 Vp·p)

Using VOUT=12V, IOUT=1A, VIN=5V, f=40kHz, and
Vp-p=200mV

C2 (12)(1) = 268 F
~ (40 x 103)(5 + 12)(0.33)(0.2) JL

This leaves 67% of the ripple attributable to ESR, giving;

ESR (max) = 0.67 - Vp-p - VIN (29)
lOUT- (VIN+ VOUT)

= (0.67) (0.2) (5) = 0.04Q
(1)(5 + 12)

After C2 has been selected, output voltage ripple may be cal·
culated from:

Vp-p = lOUT (VIN+ VOUT)_ ESR + VOUT (30)
VIN (VIN+ VOUT)(f)(C2)

If lower output ripple is required, a larger output capacitor
must be used with lower ESR. It is often necessary to use
capacitor values much higher than calculated to obtain the
required ESR. In the example shown, capacitors with guaran-
teed ESR less than 0.04Q with a working voltage of 15V gen-
erally fall in the 1000-2000JLF range. Higher voltage units have
lower capacitance for the same ESR.

A second option to reduce output ripple is to add a small LC
output filter. If the LC product of the filter is much smaller
than L1 - C2, it will not affect loop phase margin. Dramatic re-
duction in output ripple can be achieved with this filter, often
at lower cost and less board space than simply increasing C2.
See section on Output Filters for details.

Frequency Compensation

Loop frequency compensation is performed by R3 and C1.
Refer to the frequency compensation part of this application
section for R3 and C1 selection procedure.

Current Steering Diode

D1 should be a fast turn-off diode. Schottky diodes are best in
this regard and offer better efficiency in the forward mode.
With higher output voltages, the efficiency aspect is minimal
and silicon fast turn-off diodes are a more economical
choice. Turn-on time is important also with output voltages
above 40V. Diodes with slow turn-on time will have a very high
forward voltage for a short time after forward current starts to
flow. This transient forward voltage can be anywhere from
volts to tens of volts. It must be summed with output voltage
to calculate worst-case switch voltage. To minimize switch
transient voltage, the wiring of C2 and D1 should be short and
close to the LT1070 as shown below.

Short Circuit Conditions

Boost regulators are not short circuit protected because the
current steering diode (D1) connects the input to the output.
The LT1070 will not be harmed for overloads up to 5A. Beyond
that point, D1 can be permanently "on" and the LT1070
switch will be effectively shorted to the output. A fuse in
series with the input voltage is the only simple means of pro-
tecting the circuit. Fuse sizing can be calculated from:

IIN:::::lOUTVOUT (33)
VIN
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C2 +
01 1DDD"F

V,N VSW L1 ••

200"H

LTlO70

GNO FB

C1

The circuit in Figure 18 has lour=1A, Vour=12V, VIN=5V,
yielding:

IIN= (1)(12) =2.4A
5

A 4A fast-blow fuse would be a reasonable choice in this
design.

The circuit in Figure 19 is a negative "buck" regulator. It con-
verts a higher negative input voltage to a lower negative out-
put voltage. Buck regulators are characterized by low output
voltage ripple, but high input current ripple. The feedback
path in this design must include a PNP transistor to level shift
the output voltage sense signal to the feedback pin of the
LT1070, which is referenced to the negative input voltage.

Output Divider

R1 and R2 set output voltage; R1 = (VOUT- VSE)R2 (34)
VREF

VREF= LT1070 reference voltage = 1.244V

VSE= Base-emit1ervoltage of Q1

R2 is nominally set to 1.24k. With the 5.2V output shown, and
letting VSE= 0.6V, R1 is:

R1 = (5.2 - 0.6) (1.24) = 4 585kO
1.244 .

The nearest 1% value is 4.64kO. It will be apparent to experi-
enced analog designers that the output voltage will have a
temperature drift of 2mV/oC caused by the temperature
coefficient of VSE. If this drift is too high, it can be compen-
sated by a resistor/diode network in parallel with R2 as
shown.

I

~RP=R1

R2.
+02

I

For zero output drift, Rp is made equal to R1 and R1 is now
calculated from:

R1 = Rp = (VOUT -1) R2
VREF

Duly Cycle

Duty cycle of buck converters in the continuous mode is
given by;

DC= VOUTt VI
VIN

Vf = forward voltage of D1
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The inductor, L1, is chosen as a tradeoff between maximum
output power with minimum output voltage ripple, versus
small physical size and faster transient response. A good
starting point for higher-power designs is to choose a ripple
current (Ill). The LT1070 is capable of supplying up to 5A in the
buck mode, so a reasonable upper limit on ripple current is
0.5A, or 10% of full load. This sets the value of L1 at:

L1 = (VIN- VOUT)(VOUT)
VIN(IlI). f

With the circuit in Figure 19, VIN = 20V, VOUT= 5.2V, f = 40kHz,
III = 0.5A, giving:

L1 = (20 - 5.2) (5.2) = 192 H
20 (0.5)(40 X 103) p.

The inductor current will go discontinuous (= zero for part of
the cycle) when output current is one half the ripple current. If
continuous inductor current is desired for lower load cur-
rents, L1 will have to be increased.

Peak inductor and switch current is equal to output current
plus one-half the peak-to-peak ripple current;

IL( eak)= lOUT+ (VIN- VOUT)(VOUT) (37)
p 2· VIN· L· f

With the example shown, letting lOUT= 4.5A, L1 = 200p.H;

I - 4 5 + (20 - 5)(5)
L(peak)-. 2.20. (200 x 10 -6) (40 x 103)

= 4.5 + 0.23 = 4.73A

The core used for L1 must be sized so that it does not satu-
rate at 4.73A in this example. For lower output current ap-
plications, a much smaller core can be used. The core need
not be sized for peak current limit conditions (6A-10A) in
most situations because the LT1070 pulse-by-pulse current
limit functions even with saturated cores.

Lower values of L1 can be used if maximum output power and
low ripple are not as important as physical size or fast tran-
sient response. Pure discontinuous mode operation yields
the lowest value for L1, and L1 is chosen on the basis of re-
quired output current. Maximum output current in the dis-
continuous mode is one half maximum switch current and L1
is found from:

2VOUT.IOUT (1- VOUT)
L1(min) = I

p
2• f VIN (38)

Where Ip = maximum switch current

Example: Let VOUT= 5.2V, lOUT= 2A, VIN= 20V, Ip = 5A

. (2) • (5.2) (2) (1 - ~5)
L1(mln)= (5)2 (40 x 103) = 15.4p.H

It is suggested that, in discontinuous mode, this calculated
value be increased by approximately 50% in practice to ac-
count for variations in cores, input voltage, and frequency.
The core must be sized to not saturate at a peak current of 5A
for maximum output in discontinuous mode.

C2 is chosen for output ripple considerations. ESR of the
capacitor may limit ripple voltage, so this parameter should
be checked first. Maximum ESR allowed for a given peak-to-
peak output ripple (Vp-p), assuming C2- 00, is given by:

Vp-p. L1 • f

VOUT (1 _ VOUT)
VIN

with Vp-p = 25mV, L1= 200p.H,f = 40kHz, VIN= 2OV,Vour = 5.2V:

ESR(max) = (0.025) (200 x 10 -6)(40 x 10)3 = 0.05211

5.2 (1- ~'5)
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To obtain a reasonable value for C2, actual ESR should be no
more than two thirds of the maximum value. In this example,
ESR is selected at 0.0350. C2 may now be found:

C2~ 1/(SLf2) (40)

[
Vp-p ESR]

VOUT (1- VOUT) Lf
VIN

> 1/[Se(2ooX10-6)(40x103)2] ~184 F
- [0.025 0.025] I'

5.2 (1- ~~r(200x 10 -6)(40 X 103)

It is very likely that a 184I'F capacitor of the right operating
voltage cannot be found with an ESR of 0.0350 max. C2 will
have to be increased in value significantly to achieve the re-
quired ESR.

Output Filter

If low output ripple is required, C2 may acquire unreasonably
large values. A second option is to add an output filter as
shown. Exact calculations for the values of L2 and C4 in this
filter are beyond the scope of this note, but a rough approx-
imation can be made by assuming that the ESR of C2 and C4
are the limiting factors. This leads to a value for L2 independ·
ent of the actual capacitance of C4.

L2", (ESR2)(ESR4)(VIN - VOUT)(VOUT) (41)
Vp-p e 2'rrW e L1 e VIN

ESR2 = ESR of C2 and ESR4 = ESR of C4 and Vp-p = desired
output ripple peak-to-peak.

If we assume ESR2 = ESR4 = o.m, and require Vp-p = 5mVp-p;

L2 - (0.1)(0.1) (20 - 5.2)(5.2) - 3 S H
- (0.005)(21r)(40x10~2(2oox10-6)(20) - . I'

L2 may be increased above this value, but the L2 C4 product
should be kept at least ten times smaller than L1 C2.

Input Filter

Buck regulators have high ripple current fed back into the in-
put voltage supply. Peak-to-peak value of this current is equal
to output current. This can cause intolerable EMI conditions

in some systems. An input filter formed by L3 and C3 will
greatly reduce this ripple current. The major considerations
for this filter are its attenuation ratio and the possible effect it
has on the regulator loop stability. See discussion of Input
Filters elsewhere in this application section for more details.

Frequency Compensation

R3 and C1 provide frequency compensation. See Fre-
quency Compensation section for details of selecting these
components.

D1 is the current steering diode. During switch off-time, it pro-
vides a path for L1 current. This diode should be a high speed
switching type with fast turn-on and turn-off. A Schottky type
is suggested for lower output voltage applications to improve
efficiency. Formulas for average and peak diode current plus
diode power dissipation are shown below. These equations
assume continuous inductor current with fairly low ripple.

IPEAK'"lOUT

lAY= lOUT (1 _ VOUT)
VIN

PDIODE= VI· e lOUT (1 _ VOUT)
VIN

·Vf is diode forward voltage at I = IPEAK

The circuit in Figure 20 looks similar to a positive boost regu-
lator except that the output load is referred to the inductor
termination (ground) instead of the switch. A transistor (01) is
used to level shift the output voltage signal down to the feed-
back pin of the LT1070 which is referred to the negative input
voltage.

Unlike buck or boost converters, inverting converters do not
have any inherent limitation on input voltage relative to out-
put voltage. Input levels may be either higher or lower than
output voltage. The sum of input voltage plus output voltage
cannot exceed the breakdown voltage of the LT1070 switch.
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Output voltage is given by:

Vour= - VIN (~) (45)
1-DC

DC = switch duty cycle (0 to 1)

With DC = 0, output voltage is zero, and as DC-1, output volt-
age increases without limit.

Duty cycle of an inverting buck-boost converter is given by;

DC- IVOUTI
IVINI + IVOUTI

Maximum power output of a buck-boost converter is equal to:

Ip • VOUT• VIN Op)2• R • VOUT
P VOUT+ VIN VOUT+ VIN

OUT(max)- 1 + VINOUT

Ip = peak switch current-1/2 L1 popripple current
R = switch "on" resistance

VI = forward voltage of D1

The first term on the top of the equation is the theoretical out·
put power with no switch or diode (D1) losses. The second top
term is the switch loss. The term on bottom accounts for
diode losses.

With the circuit shown, VIN= -12V, VOUT= + 12V, ripple cur-
rent in L1 = 0.5Ap-p, peak switch current = SA, R = 0.20,
VI=0.8V,

(4.75)(12)(12) (4.75)2 (0.2)(12)

P 12+12 12+12 246WOUT(max)= 0 8 - .
1+-'-

12
Setting Output Voltage

R1 and R2 determine output voltage;

R1 = R2(VOUT- VSE)
VREF

VREF= LT1070 reference voltage = 1.244V

VSE= base-emitter voltage of 01

In this example, R2 = 1.24k, VOUT= 12V, and the VSE of 01 is
~0.6V, giving:

R1 = (1.24)(12-0.6) = 11.36kO
1.244

The output voltage will have a - 2mV/oC drift due to the tem·
perature drift of VSE. If this is undesirable, a resistor diode
combination can be added in parallel with R2 to correct drift.
See section on Negative Buck Converters for details.
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Inductor

The inductor is normally calculated on the basis of maximum
allowed ripple current, because high ripple currents reduce
the maximum available output power and degrade efficiency.
For a peak-to-peak ripple current (tlll), L1 is equal to:

l1 = (VIN)(VOUT) (53)
(tllL) (VIN+ VOUT)• f

f = LT1070 operating frequency = 40kHz

In this example, with tll chosen at 20% of maximum LT1070
switch current (tll = 1.0A),

l1 (12)(12) = 150 H
= 1.0(12 + 12)(40 x 103) /L

Larger values for L1 will not raise power levels appreciably,
will increase size and cost, and will degrade transient re-
sponse. L1 is not acting as a ripple filter for either the input or
the output, so large values will not improve ripple either.

If L1 is reduced in value, maximum power output will be de-
graded. Equation 46 defines Ip as the maximum allowed
switch current minus 1/2 tlil. Therefore Ip would have to be re-
duced from 5A to 2.5A if L1 were reduced to the point where
the ripple current equaled 5A. This is a 2:1 reduction in maxi-
mum output power. Further reductions in L1 result in dis-
continuous current flow and equation 46 is invalid. The poor
efficiency obtained with discontinuous current flow recom·
mends it only for low power outputs when the physical size of
L1 is critical. With discontinuous current flow, the minimum
recommended size for L1 is:

L1(min discontinuous) = 2 VOUT(lOUT)
, f • (O.7lp) 2

The (0.7) coefficient in front of Ip is a "fudge" factor to ac-
count for variations in f and L1, and switching losses.

Example, VOUT= 12V, lOUT= 0.5A, f = 40kHz, Ip = 5A.

L1 = (2)(12) (0.5) = 24 5/LH
(40 x 103)(0.7 x 5)2 .

Once L1 has been selected, peak inductor current in the
continuous mode can be calculated from:

[
VOUT+ Vt ]lL(peak)= lOUT 1 + (V + V )

VIN -lOUT. R • IN OUT
VIN

+ (VIN)(VOUT) (55)
2 • L1 (VIN+ VOUT)• f

VI = forward voltage of D1

R = LT1070 switch "on" resistance

With the circuit in Figure 20 with L1 = 150/LH, and VI = 0.8V,
lOUT= 1.5A, R = 0.20:

lL(peak)= 1.5 [1 + 12 + 0.8 ]
12 - (1.5) (0.2)(12:212)

+ (12)(12)
2(150 x 10-6)(12 + 12)(40 x 103)

IL(peak)= 3.18 + 0.5 = 3.68A

3.18A is the average current through L1 and 0.5A is the peak
AC ripple current. The core used for L1 n11Jstbe large enough
so that it does not saturate at Il = 3.68A.

Peak inductor current for discontinuous mode operation is
found from:

lL(peakl: lOUT(VOUT+ VI)· 2
(discontinuous mode) L1 • f

Example, let L1 = 20/LH, lOUT= 0.25A, VI = 0.8V

lL(peak)= (0.25)(12 + 0.8) • 2 = 2.83A
(20 x 10 -~ (40 x 10~

The core size for this discontinuous application can be con-
siderably smaller than in the previous example. Core volume
is approximately proportional to Il2 • L. With L1 = 100/LH,and
Il=3.93A, Il2 • L=1.5x10-3. The 20/LH inductor with
Il = 2.83A has Il2 • L= 0.16 x 10 -3, The core can be nearly
ten times smaller. This size difference is not free-the dis·
continuous circuit will supply much less current and have
somewhat poorer efficiency.
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Output Capacitor

C2 must be a high quality (low ESR) switching capacitor be-
cause it does all the output filtering. L1 simply functions as
an energy transfer element. A reasonable starting point for
selecting C2 is to assume that the ESR (effective series re-
sistance) of C2 contributes 213 of the output ripple and that
the reactance of C2 contributes 1/3. With this in mind, a
formula can be derived for ESR:

ESR(max) = Vpp. VIN • (213) (57)
IOUT(VIN+ VOUT)

Vpp = peak-to-peak output voltage ripple

With Vp-p selected at 100mV, and VIN = 12V, VOUT= 12V,
IOUF 1.5A, ESR is:

ESR(max)= (0.1)(12)(213) =0.01850
(1.5)(12 + 12)

C2 = (loUT)·(VOUT)

[VP,P -lOUT· ESR (VIN ~I~OUT)] (VOUT+VIN)· (n

C2 = (1.5)(12)

[0.1- (1.5)(0.015) (12 ~ 12)] (12 + 12) (40 x 103)

= 3411lF

It is most likely that to find a capacitor with a maximum ESR
of 0.0150, the capacitance will have to be much larger than
341IlF. If lower output ripple is desired, the value of C2 may
become very large just to meet ESR requirements.

A second solution to the output ripple problem is to add an
output filter at the point indicated in Figure 20. This filter can
provide a large reduction in ripple with almost no effect on
loop transient response, phase margin, or efficiency. See sec-
tion on Output Filters for further details.

Current Steering Diode

01 must be a fast recovery diode with an average current rat·
ing equal to lOUT and a peak repetitive rating of lOUT
(VOUT+ VIN)/VIN. If continuous output shorts can occur, 01
must be rated for 10A and heat sunk accordingly unless the
LT1070 current limit is externally reduced. Power dissipation
of 01 under normal load conditions is:

P(D1)= lOUT• Vf

Vf is 01 forward voltage at ID= lOUT (VOU~I: VIN) (60)

Breakdown voltage of 01 must be at least VIN+ VOUT.Turn-on
time should be short to minimize the voltage spike across the
LT1070 switch following switch turn off.

POSITIVE BUCK CONVERTER
Positive buck converters (Figure 21) using the LT1070 require
a novel design approach because the negative side of the
LT1070 switch is committed to the ground of the chip. This
negative switch terminal is the inductor drive point in a
positive buck converter. The ground pin of the LT1070 must
therefore switch back and forth between the input voltage
and converter ground. This is accomplished by tying the posi·
tive side of the switch (Vsw) to the input supply, and using a
peak detected (C3, 03) bootstrapped supply voltage to oper-
ate the chip. As long as the LT1070 is switching, C3 will main-
tain the chip input-to-ground pin voltage at a voltage equal to
the input supply voltage. It is important to keep the value of
C3 to a minimum to ensure proper start-up of this topology.
The 2.21lFvalue shown should not be increased unless care·
ful tests are done to ensure proper start-up under worst-case
light loads. If the LT1070 does not start, the lightly loaded out·
put will go unregulated high. The minimum recommended
load current in any case is100mA.

The most unusual aspect of this design is the manner in
which output voltage information is delivered to the LT1070
feedback pin. This pin is switching along with the LT1070
ground pin to which it is referenced, so the feedback circuit
must float on the switching ground pin and at the same time
be proportional to the DC value of the output voltage. This is
accomplished by peak detecting the output voltage with 02
during the "off" time of the LT1070 switch. The voltage on the
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ground pin of the chip at this time is one diode drop (D1) nega·
tive with respect to system ground, because D1 is forward
biased by load current flowing through L1. D2 also forward
biases, giving a voltage across C2 of:

VC2=VOur-V02+V01 (61)
V01 = forward voltage of D1
V02 = forward voltage of D2

The feedback network, R1/R2, is therefore biased with a volt-
age very nearly equal to output voltage, and the LT1070 will
regulate output voltage according to:

VREF(R1 + R2)VOur=VC2+V02-V01= ----+V02-V01 (62)R2

VREF= reference voltage of LT1070 = 1.244V

If V01 is exactly equal to V02, output regulation will be perfect,
but the forward voltage of D1 is load current dependent, while
D2 operates at a fixed average current of 1mA. This can cause
output voltage variations of 100-400mV if load current varies
over a wide range. To minimize this effect, D1 should be con-
servatively rated with respect to operating current so that the
effect of parasitic series resistance is minimized. The unit
shown is rated at 10A average current. D1 should also be a
fast turn-on type. (See diode discussion elsewhere in this ap·
plication section.) A long turn-on time for D1 allows C2 to
charge to a voltage higher than Your, creating an abnormally

low output voltage. R4 is added to minimize this effect. A
Schottky diode is recommended for D1 because these diodes
have very fast switching times and their low forward voltage
improves efficiency, especially for low output voltage.
Load regulation can be significantly improved in this applica·
tion by inserting a small resistor (r, shown in dashed box) be-
tween D1 and L1. The voltage across r will be equal to r-Iour.
This voltage increases the voltage across R2, forcing the out·
put voltage to rise under load. Perfect load regulation will reo
suit if the output rise created by r just cancels the output drop
caused by the increased forward voltage of D1. The required
value for r is found from:

rd = forward series resistance of D1
VREF= LT1070 reference voltage = 1.244V

Load regulation will never be perfect because rd varies
slightly from unit to unit and it is not constant with load cur·
rent, but regulation better than 2% with Vour = 5V is easily
achieved even with load current varying over a 5:1 range. For
higher output voltages, load regulation is even better.

Forthe circuit shown, with rd = 0.050, r is:

r = (0.05) (1.244) = 0.012411
5
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This is most easily obtained by using 9 inches of #22 hookup
wire.

Output voltage is determined by R1 and R2:

R1 = R2 (VOUT- VREF) (64)
VREF

R2 is normally fixed at 1.24kl1 to set divider current to 1mA.
This equation assumes that V01 = V02. A slight adjustment in
R1 will be required if V01"* V02.

Duty Cycle Limitations
Maximum duty cycle for the LT1070 is 90%. This limits the
minimum input voltage in buck regulators. Duty cycle can be
calculated from:

DC= VOUT+VI
VIN - (IOUT)R+ VI

VI = forward voltage of D1
R = "on" resistance of LT1070 switch

Rearranging this formula for VIN yields:

VIN(MIN)= VOUT+ VI + R(IOUT)- VIDC
With a maximum duty cycle of 90%, (0.9) and VOUT=SV,
VI = 0.6V, R = 0.211,lOUT= 4A:

VIN(MIN)= 5 ~.~.6 + (0.2) (4) - 0.6 = 6.4V

Inductor
The energy storage inductor in a buck regulator functions as
both an energy conversion element and as an output ripple fil-
ter. This double duty often saves the cost of an additional out-
put filter, but it complicates the process of finding a good
compromise for the value of the inductor. Large values give
maximum power output and low output ripple voltage, but
they also can be bulky and give poor transient response. A
reasonable starting point is to select a maximum peak-to-
peak ripple current, (tll). This yields a value for L1 of:

L1 = (VIN- VOUT)(VOUT)
VIN (tll) e f

f = LT1070 operating frequency ",40kHz
tll = peak-to-peak inductor ripple current

With the circuit shown, VIN = 16V, VOUT= SV, and tll set at
20% of 3.SA = 0.7A:

_ (16-5)(5) _
L1 - (16)(0.8)(40 X 103) - 122/lH

The ripple current in L1 reduces the maximum output current
by one-half tll. For lower output currents this is no problem,
but for maximum output power, L1 may be raised by a factor
of two to three. For lower output powers, L1 can be reduced to
save on size and cost. Discontinuous mode operation will oc·
cur even near full load if L1 is reduced far enough. The LT1070
is not affected by discontinuous operation per se, but maxi-
mum output power is significantly reduced in discontinuous
mode designs:

IOUT(MAX)_(Ip)2eLef ( VIN )
(discontinuous) - 2VOUT VIN - VOUT (68)

Ip = LT1070 peak switch current

With L1 = 10/lH for instance, and Ip = SA:

IOUT(MAX)=(S)2(10x 10 -6)(40 x 103) (~\= 1.4A
2(5) 16-SJ

Efficiency is also reduced with discontinuous operation be·
cause of increased switch dissipation.

The load current where a buck regulator changes from con·
tinuous to discontinuous operation is:

ICRIF (VIN- VOUT)(VOUT) (69)
2 (VIN)(n (L1)

With a 100/lH value for L1, inductor current will go discontinu-
ousat:

I - (16-5)(5) -043A
CRIT- 2(16)(40 x 103)(100 x 10-6) .

ICRIT can never exceed 2.SA (one half maximum LT1070
switch current).

Peak inductor current in a buck regulator with continuous
mode operation is:

IL(PEAK)= lOUT+ (VIN- VOUT)(VOUT)
2 (VIN)(L1)m
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With lOUT= 3.5A and L1 = 100JLH.

I -35 (16-5)(5) -393A
L(PEAK)- . + 2(16)(100x10-6)(40x103) - .

The core used for L1 must be able to handle 3.93A peak cur-
rent without saturating.

Peak inductor currents in discontinuous mode are much
higher than output current:

Il.(PEAK)_ 2 VOUT· lOUT(VIN- VOUT)
(discontinuous) - VIN • L1 • f

for L1 = 10JLH,IOUF 1A;

IL(PEAK)_ 2 (5)(1)(16 - 5)
(discontinuous) - 16 (10 x 10 -6)(40 X 103)

The 10JLHinductor, at 1A output current, must be sized to han-
dle 4.14A peak current.

Output Voltage Ripple

See negative buck regulator section for calculation of output
ripple.

Output Capacitor

C4 is chosen for output voltage ripple considerations. Its ESR
(effective series resistance) is the most important parameter.
For details, see the section on negative buck regulators.

Output Filter

For very low output voltage ripple, the value of C4 may be-
come prohibitively high. An output filter, L2 and C5, may be
used to reduce output ripple. See Output Filter section for
details.

FLYBACK CONVERTER

Flyback converters (Figure 22) are able to regulate an output
voltage either higher or lower than the input voltage by shut-
tling stored energy back and forth between the windings of a
transformer. During switch "on" time, all energy is stored in
the primary winding according to, E = (IPRI)2(LpRI)/2.When the
switch turns off, this energy is transferred to the output

winding. The current in the secondary just after switch open-
ing is equal to the reciprocal of turns ratio (1/N) times the
current in the primary just prior to switch opening. Output
voltage of a flyback converter is not constrained by input volt·
age as in buck or boost converters.

VOUF ~ N • VIN
1-DC

DC = switch duty cycle = V VOU~V
OUT+ IN

N = transformer turns ratio

By varying duty cycle between 0 and 1, output voltage can
theoretically be set anywhere from 0 to 00. Practically, how-
ever, output voltage is constrained by switch breakdown volt-
age and the maximum output voltage is limited to:

VOUT(MAX)= N (VM - VSNUB- VIN) (75)
VSNUB= snubber voltage (see snubber details in this section)
VM = maximum allowed switch voltage

This still allows the LT1070 to regulate output voltages of
hundreds or even thousands of volts by using large values
ofN.

In many applications, N can vary over a wide range without
degrading performance. If maximum output power is desired
however, N can be optimized:

N VOUT+ Vf (76)
(OPl)= VM - VIN(MAX)- VSNUB

VI = forward voltage of D1

In Figure 22, with VOUT= 5V, Vf = 0.7V (Schottky), VIN(MAX)= 3OV,
VM= 6OV,VSNUB= 15V;

N(OPl)= 5 + 0.7 = 0.38
60-30-15

A turns ratio of 1:3 (0.33) was used in this circuit.

A second important transformer parameter which must be
determined is primary inductance (LpRI).For maximum output
power, LpRi should be high to minimize magnetizing current,
but this can lead to unacceptably large core sizes. A reason-
able design approach is to reduce the value of LpRI to the
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point where primary magnetizing current (~I) is about 20% of
peak switch current. The LT1070 is rated for SA peak switch
current, so for full power applications, ~I can be set to 1A
peak·to-peak. Maximum output current is reduced by one-half
of the ratio of ~I to peak switch current, or::: 10% in this case.

With this design approach, LpRI is found from:

LpRI= (VIN)(VOUT) (77)
~I • f (VOUT+ N VIN)

with VIN = 24V, VOUT=SV,~I = 1A, N = 1/3:

L - (24)(S) - 231 H
PRI- (1)(40 X 103)(S + 1/3.24) - p.

Values of LpRIhigher than this will raise maximum output cur-
rent only slightly and will require larger core size. Lower
primary inductance may be used for lower output currents to
reduce core size.

Maximum output current is a function of peak allowed switch
current (Ip):

E (Ip-~) (VIN)
IOUT(MAX)= N.VIN + VOUT (78)

Ip = max LT1070 switch current
E = overall efficiency::: 7S%

with VIN = 24V, VOUT= SV, Ip = SA, ~I = 1A, N = 1/3;

_ O.7S (s-~) (24) _
IOUT(MAX)- (1/3)(24) + S - 6.2A

The 7S% efficiency number comes from losses in the snub-
ber network (:::6%), LT1070 switch (:::4%), LT1070 driver
(:::3%), output diode (:::8%), and transformer (:::4%). Al-
though this efficiency is not as impressive as the 85-9S%
obtainable with simple buck or boost designs, it is more than
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justified in many cases by the ability to use the variable N to
generate high output currents or high output voltages and the
option to add extra windings for multiple outputs.

Peak primary current is used to determine core sizing for the
transformer:

I 1= lOUT (VOUT + N) + (VIN)(VOUT) (79)
PR E VIN 2 e f e LpRI(VOUT+ N VIN)

For an output current of 6A, with VIN = 24V, VOUT= 5V,
E= 75%, LpRI= 231J!H, N = 1/3,

IpRI= 0.~5 ( i4 +~)

(24)(6)
+ 2(40x103)(231 x10-6)(5+1/3)e24)

= 4.33 + 0.5 = 4.83A

The core must be able to handle 4.83A peak current in the
231J!H primary winding without saturating. (See section on in-
ductors and transformers for further details).

Output Divider

R1 and R2 set output voltage:

R1 = (VOUT- VREF)R2 (80)
VREF

VREF= feedback reference voltage of the LT1070 = 1.244V

R1 and R2 can vary over a wide range, but a convenient value
for R2 is 1.24kO, a standard 1% value.

For a 5V output, R1 = (5 - 1.244)(1.24)/1.244 = 3.756kO

Frequency Compensation

R3 and C2 provide a pole-zero frequency compensation. For
details, see the section on frequency compensation else-
where in this data sheet.

Snubber Design

Flyback converters using transformers require a clamp to pro-
tect the switch from overvoltage spikes. These spikes are
created by leakage inductance in the transformer. Leakage
inductance (Lu is modeled as an inductor in series with the
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primary winding which is not coupled to the secondary as
shown in Figure 23.

During switch "on" time, a current is established in LL equal
to peak primary current (lpRI). When the switch turns off, the
energy stored in LL, (E = 12 e LL/2) will cause the switch volt-
age to fly up to breakdown if the voltage is not clamped.

*' C3

f

~

CLAMP ~
EITHER ZENER

OR RIC

Figure 23. Snubber Clamping

If a zener diode is used for clamping, zener clamp voltage is
selected by assigning a maximum switch voltage and maxi-
mum input voltage:

VZENER= VM - VIN(MAX)
VM = max allowed switch voltage

The standard LT1070 maximum switch voltage is 65V, so VM
is typically set at 60V to allow a margin of 5V. If we assume
VIN(MAX)= 30V for this circuit:

VZENER= 60 - 30 = 30V

Peak zener current is equal to peak primary current (IPRI),and
average power dissipation is equal to:

P _ (Vz}(IPRI)2 eLL e f (81)
ZENER- ( V + V )

2 VZ-~
N

An important part of this equation is the term
[Vz - (VOUT+ Vf)/ N] in the denominator. This voltage is de-
fined as snubber voltage (VSNUB),and is the difference be-
tween the zener voltage and the normal flyback voltage of the
primary. (See waveforms with Figure 22). If VSNUBis too low,
zener dissipation rises rapidly. A reasonable minimum for
VSNUB is 10V, so this should be checked before proceeding
further:

VSNUS=VZ- VOUT+Vf=30_ 5+0.7 =129V (82)
N 1/3'
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Leakage inductance in a transformer can be minimized by
bifilarwinding or by interleaving the primary and secondary. If
this is done correctly, leakage inductance is usually less than
1% of primary inductance. If we wind T1 for LpRI= 23OJLH,LL
should be less than 2.3JLH.Using this value, power dissipation
in the zener at full load current is;

PZENER= (30)(4.83)2 - (2.3x 10 -6)(40 X 103) = 2.5W
2 (30- 5+ 0.7)

1/3

Zener dissipation under short circuit conditions is calculated
from the same equation (81) by assuming that VOUT= 0, and
IpRIis the current limit value of the LT1070.lf we let IpRI= 9A:

PZENER= (30)(9)2 (3.5x 10 -6)(40 X 103) = 4W
(output shorted) 2 (30 - ~i;)

The waveform of LT1070switch voltage shows a narrow spike
extending above the snubber clamp voltage. This spike is
caused by the turn-on time of the clamp circuit, in particular
the diode in series with the zener. This diode should be a
Schottky or a very fast·turn-on type to minimize the height of
this spike. It must be rated for peak currents equal to IpRI.The
reverse voltage rating of the diode must be at least VIN(MAX).

An alternative to zener clamping is an RlC clamp. This is less
expensive, but has the disadvantage of a less well defined
clamping level. The RC snubber also dissipates power even
with no·load conditions. A value for R4 is found from:

VR= voltage across snubber resistor

If we set VR= 30V (same as VZENERl,and use full load condi-
tions of IpRI= 4.83A:

R - 2[(30)2-30-5/(1/3)] -4100
SNUB- (4.83)2(2.3x 10 -6)(40 X 103) -

Power dissipation in the snubber at full load is equal to:

PR= VR2/R= (3O)2/419=2.15W

At very light loads, the voltage across the snubber resistor
drops to the flyback voltage of the primary, VR= (VOUT+VI)/N.

In this example, flyback voltage is 16.8V, resulting in a snub-
ber dissipation of (16.8)2/4100= 0.67W.

This may be a consideration where high efficiency is neces-
sary even with near·zero output loads. Short circuit power dis-
sipation in the snubber resistor is approximately equal to:

PR (IPRI)2- f - LL
(output shorted) '" 2 (84)

IpRI in short circuit is the current limit of the LT1070. For
IpRI= 9A, snubber dissipation with the output shorted is
",3.7W in this example.

The value of C3 is not critical, but it should be large enough to
keep the ripple voltage across the snubber to only a few volts.
This yields a capacitor value of:

C3 = R _~~ Vs (Vs = voltage ripple across C3) (85)

For Vs = 3V, VR= 3OV,R = 4100: - (419)(40~ 103) (3) = 0.6JLF

C3 should be a very low ESR (effective series resistance) film
or ceramic type to keep spike voltage to a minimum.

C4 and R5 (shown in dashed lines) form an optional damper
which eliminates primary ringing for light output load condi·
tions when secondary current drops to zero during switch off
time (discontinuous operation). Typical values are R = 3000 to
1.5kO,C = 500 to 5OOOpF.

Output Diode (01)

The output diode has an average forward current equal to out·
put current, but the current flows in pulses with an amplitude
equal to:

I01(PEAK)=lOUT (1 + VOUT+VI) (86)
N -VIN

For the circuit in Figure 22,with lOUT= 6A:

I01(PEAK)= (6) (1 + (;/~ ~2~)) = 10.3A
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To calculate diode power dissipation, use the forward voltage
at this peak current multiplied times output current;

P01 = (Vt) (lOUT)

Vt = D1 forward voltage at peak current

With VI = 0.55V and lOUT= 6A, D1 power dissipation is 3.3W.

During start·up and overload conditions D1 current will in·
crease significantly. Average diode current through D1 when
the LT1070 is in current limit is equal to:

101_ ex • (IUM • VIN)
(during LT1070 current limit) - N VIN+ VOUT+ VI

ex is an empirical multiplier slightly less than unity. It is very
complex to calculate, but it takes into account such things as
switch resistance, leakage inductance, snubber losses, and
transformer losses. If we assume ex = 0.8, IUM = 9A, VIN = 24V,
N = 1/3, Vt = 0.55V, and a shorted output, (YOUT= 0):

I - 0.8 (9 • 24) 20A
01- 1/3 (24)+ 0 + 0.8 =

Peak diode current will be only slightly higher because the
duty cycle of the diode is approaching 100% with VOUT= O.

Output short circuit current can be reduced if desired by
clamping the Vc pin of the LT1070. The best way to do this
and still be assured of maximum full load current is to clamp
the Vc pin to a portion of output voltage. This generates a
foldback current limit that will reduce short circuit current
without affecting normal load current. The clamp network in
Figure 24 will reduce shorted output current of the circuit in
Figure 22 to ",,5A.

3.2k 1
Rl

50011

The clamp point is generated by splitting R1 into two reo
sistors such that the tap point voltage is "" 1.75V at normal
output voltage. This ensures that D4 will not turn on until the
output voltage begins to drop. When VOUT= OV,the voltage at
the FB pin is clamped to approximately 0.35V by the internal
mode select circuitry and the voltage at the R1 tap point will
be approximately the same. The current through the diodes
will be maximum available Vc pin current. This sets the clamp
voltage on the Vc pin at "" 1.55V, reducing output short circuit
current to ",,5A. Full load current can be reduced if desired by
moving the tap point on R1 down, even to the point where it
becomes part of R2.

Output Capacitor (C1)

Flyback converters do not use the inductance of the trans·
former as a filter, so the output capacitor must do all the filter·
ing work. The output peak·to·peak voltage ripple is equal to:

Vp·p= lOUT + (ESR)(IOUT)(1 + VOUT ) (88)
f • C1 (1 + N • VIN) N • VIN

VOUT

ESR = effective series resistance of C1

The first term is the ripple due to the capacitance of C1; the
second term is ripple due solely to the ESR of the capacitor.
As it turns out, commercially available capacitors in the
range required for this application (100-10,000",F) have ESR
high enough to dominate the ripple voltage. A 2000",F capaci·
tor for instance, might have a guaranteed ESR of 0.020. For
lOUT= 6A, VOUT= 5V, VIN = 24V, N = 1/3, this gives:

Vp.p= 6
(40 x 103)(2000 x 10 -6) (1 + (1/3~(24))

+ (0.02)(6) (1 + (1/3~(24))

= 28.8mV + 195mV = 224mV

The ESR term dominates and will be the main criteria for se·
lecting the size of the output capacitor.

An alternative to brute force output capacitance (to obtain
low ESR) is to add an LC output filter (shown as L1 and C4 in
Figure 22). A relatively small inductor and capacitor can
greatly reduce output ripple. If we assume the ripple across
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C1 is due solely to ESR,and therefore rectangular, the ratio of
filter output ripple to input ripple is:

VOUT(p-p)_ r _ ESR4(Vour)(N e VIN) (89)
VIN(p.p)- - (L1)(n(Vour+NeVIN)2

ESR4= effective series resistance of C4

This formula again assumes that the ESRof C4 dominates its
total impedance. For ESR4= 0.10, L1 = 10/LH, Vour= 5V,
N = 1/3,VIN= 24V

r= (10x 10j~'~~~b~~(;~1/3 e 24)2 -0.059

This is a 16:1 reduction in ripple, greatly easing the require-
ments on C1.Total output ripple, with a filter, is given by:

Vp.p = (ESR1)(ESR4)(Vour) (lour)
(L1)(n(Vour+ NeVIN)

For ESR1= 0.050, ESR4= 0.10, Vour= 5V, VIN= 24V, N = 1/3,
lour = 6A, L1 = 10/LH,output ripple (p.p) is:

V (0.05)(0.1)(5)(6) - 288m V
p-p= (10x10-6)(40x103)(5+1/3e24) .

TOTALLY ISOLATED CONVERTER
The LT1070has a second operating mode called "isolated fly-
back," as shown in Figure 25 (see Note 1 with figure). While in
this mode, it does not use the feedback pin to sense output
voltage; instead, it senses and regulates the transformer
primary voltage during switch "off" time (tOFF).This voltage is
related to Vour by:

Vour=(N)(VPRI)-Vf (90)
(during tOFF)

N = turns ratio of transformer
Vf = forward voltage of output diode

VPRI= primary voltage during switch "off" time

L1
10pH 15V~r

E200PF
COM----

L2 + C6~.r:F
-15V

'REOUIREO IF INPUT LEADS ~2'
NOTE 1: ANY NUMBER OF OUTPUTS CAN
BE USED WITH THIS CONFIGURATION.
TRANSFER THE SUM OF ALL OUTPUT
POWERS TO A SINGLE OUTPUT WHEN
USING THE FORMULAS;

I :; POUT
OUT= VOUT

;tmv ~ 16V SWITCH VOLTAGE
l~ ION tOFF

VOUT +V, (V,=OIOOE FORWARD VOLTAGE)

OV ~ SECONDARY VOLTAGE

t
N· VIN



The secondary output voltage will be regulated if VPRI is
regulated. The LT1070 switches from normal mode to regu-
lated primary mode when the current out of the feedback pin
exceeds ,.,10pA. An internal clamp holds the voltage (VFS) on
this pin at ,.,400mV. R2 is used to put the LT1070 in isolated
flyback mode. It also doubles as an adjustment in the regu-
lated output. VPRI is regulated to 16V + 7k (VFslR2), where
VFslR2 is equal to the current through R2, and the 7k is an in-
ternal resistor. VOUTis therefore equal to:

VOUT=N [16+7k (~:)] -VI (91)

and the required transformer turns ratio is:

N= VOUT+V!

16+ 7k (~:)

The term, 7K (VFslR2) is normally set to ,.,2V to allow some
adjustment range in VOUT.Solving for N in Figure 25, with
VOUT= 15V:

N = 1;6++027= 0.872

The smallest integer ratio with N close to 0.872 is 7:8 = 0.875.
T1 is to be wound with this turns ratio for each output. The
total number of turns is determined by the required primary
!nductance, (LpRI).This inductance has no optimum value; it
ISa trade off between core size, regulation requirements, and
leakage inductance effects. A reasonable starting value is
found by assigning a maximum magnetizing current (ill) of
10% of the peak switch current of the LT1070. Magnetizing
current is the difference between the primary current at the
start of switch "on" time and the current at the end of switch
"on" time. This gives a value for LpRIof:

LpRI= VIN
(1l1)ln (1 + ~)

VPRI

ill = primary magnetizing current
VPRI= regulated primary flyback voltage

For VIN= 5V, III = 0.5A, VPRI= 18V:

LpRI= (0.5)(40 x 1~3)(1 + 5/18) = 196/LH
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Again, this value is not an optimum figure, it is simply a com-
promise between maximum output current and core size.

A second consideration on primary inductance is the transi-
tion from continuous mode to discontinuous mode. At light
output loads, the flyback pulse across the primary will drop
toward zero before the end of switch "off" time. The LT1070
interprets this as a drop in output voltage and raises duty cy-
cle to compensate. This results in an abnormally high output
voltage. To avoid this situation, the output should have a
minimum load equal to:

IOUT(MIN)= (VPRI• VIN)2 (94)
(VPRI+ VIN)2 (2 VOUT)In (LpRI)

with VPRI= 18V, VIN= 5V, VOUT= 15V, LpRi= 200/LH:

I = (18· 5)2 _
OUT(MIN) (18 + 5)2 (2 • 15)(40 x 103)(200 x 10 -6) - 64mA

This current may be shared equally on each output at 32mA
per output. If a lighter minimum load is desired, primary in-
ductance must be increased. This also increases leakage in-
ductance, so some care must be used.

Leakage inductance is a portion of the primary which is not
coupled to the secondary. This leakage inductance will cre-
ate a flyback spike following switch opening. The height of
this, spike must be clampe? with a snubber (R4, C3, 02) to
aVOid overvoltage on the sWitch. (Please read snubber details
in the section on normal mode flyback regulators). The width
of the leakage inductance spike is equal to:

tL = (IPRI)(LLl
VM - VPRI- VIN

LL = leakage inductance
IpRI= peak primary current
VM = peak switch voltage

This spike width is important because it must be less than
1.5JLSwide. The LT1070 has internal blanking for,., 1.5/Ls fol-
lowing switch turn-off. This blanking time ensures that the fly-
back error amplifier will not interpret the leakage inductance
spike as the actual flyback voltage to be regulated. To avoid
poor regulation, the spike must be less than the blanking
time.

If transformer T1 is trifilar wound for minimum leakage induc-
tance, LL may have a typical value of 1.5% of lpRI. Assuming
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LpRI= 200JLH,LL would be 3JLH.To calculate tL, we still need to
assign a value to VM. In this case, with VIN = SV, a conserva·
tive value for maximum switch voltage would be VM = SOV. If
we assume a maximum primary current of SA for maximum
output current, spike width is:

tL= (S)(3x10-6) =O.56JLs
5O-18-S

This is well within the maximum value of l.SJLs. Note,
however, that the pulse width grows rapidly as the sum of
VPRI+ VIN approaches maximum switch voltage. The follow·
ing formula will allow one to calculate the maximum ratio of
leakage inductance to primary inductance in a given
situation.

L
tLe(VM-Vp-VIN)(61)(f) (1+ VIN)

--.!:(MAX) = Vp (96)
Lp IpRI(VIN)

With a fairly large VIN (36V), even if we use a less conservative
value of 60V for VM, with tL = l.SJLS,Vp = 18V, 61= O.SA, and
IpRI= SA:

LL (1.Sx10-6)(60-18-36)(O.S)(40x103) (1+ ~)

Lp (MAX) = (S)(36)
= 0.003 = 0.3%

This low ratio of leakage inductance to primary inductance
would be nearly impossible to wind, so some compromises
must be made. If maximum output current is not required, IpRI
will be less than SA, (see formula 99). Ripple current (61)can
also be increased. Finally, an LT1070HV (high voltage) part
can be used, with a switch rating of 7SV. Substituting
IpRI= 2.SA, 61 = 1A, VM = 70V into the above calculation yields
LL/LpRI= 3%, which is easily achievable.

Maximum output power with an isolated f1yback converter is
less than an ordinary flyback converter because transformer
turns ratio is fixed by output voltage. This fixes duty cycle at:

DC = VPRI (97)
VPRI+ VIN

and maximum power is limited to:

POUT(MAX)= ( VPRI )[VIN (!p- M)_(lp)2 Rl(0.8) (98)
VPRI+VIN ~ 2

R = LT1070 switch "on" resistance
Ip = maximum switch current
0.8 = fudge factor to account for losses in addition to R

With VPRIat a nominal 18V, VIN=SV, Ip=SA, 61=0.SA, duty
cycle is 78% and maximum output power is:

~~= (1i~s)[S (s- °2S)-(S)2(0.2) ] (0.8)= 11.74W

An analysis of the power formula shows that at low VIN, maxi·
mum output power is proportional to VIN, and at high VIN,
maximum power approaches SOW.

Peak primary current for loads less than the maximum is
found from:

IpRI= (VOUT)(I0UT)(VPRI+VIN) + M +:O;JJ2R1 (99)
0.8 (VPRI)(VIN) 2 LVIN..J

This formula is actually a quadratic, but rather than solve it
explicitly, a much simpler technique, for the range of IpRI in·
volved, is to calculate the first two terms on the right, then
use this value of IpRIto calculate the last term. For the circuit
in Figure 2S with IOUF 0.2SA on each output, VPRI= 18V,
VIN = SV, 61 = O.SA,R = 0.20:

IpRi= (1S)(0.S)(18 + S) + O.S + (2.64)2 (0.2) = 2 92A
0.8 (18)(S) 2 S .

2.64A

The transformer must be sized so that the core does not saturate
with 2.92A in the primary winding. Note that there is plenty of
margin on SA maximum switch current. A smaller core could be
used if 61 were increased to 1A, cutting primary inductance in
half. (See section on inductors and transformers.)

Output Capacitors

Flyback regulators do not utilize the inductance of the trans·
former as a filter, so all filtering must be done by the output
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capacitors, C1 and C4. They should be low ESR types to mini·
mize output ripple. In general, output ripple is limited by the
ESR of the capacitor, not the actual capacitance. Output
ripple in peak-to-peak volts is given by:

Vp-p = ;.~ (ESR) 'This factor of 2 is used (100)
because of dual
outputs.

With IpRI= 2.92A, N = 0.872, and assigning an ESR of O.Hl,
output ripple is:

Vp-p = (2.92)(0.1) = 167mVp·p @ full load
(2)(0.872)

Had we based the output ripple formula on the actual output
capacitance, rather than its ESR, the result would have been
::::10mV, showing that ESR effects do dominate. The O.Hl
value chosen for ESR is probably higher than typical for a
good 500ILF capacitor, but less than guaranteed maximum.
Note that one reason for high output ripple in this circuit is
that the converter is operating at a rather high duty cycle of
78% because of the low input voltage. This leaves only 22%
of the time for the secondary to be delivering current to the
load. As a consequence, secondary peak currents, and there·
fore output ripple, are high.

If low output ripple is required, an output filter may be a better
choice than simply using huge output capacitors. See sec-
tion on Output Filters.

Load and Line Regulation

Load and line regulation are affected by many "open loop"
factors in this circuit because the actual output voltage is not
sensed-only the primary. Some of these factors are core
nonlinearities, diode resistance, leakage inductance, winding
resistance, (including skin effect) capacitor ESR, and sec-
ondary inductance. A typical load regulation for this circuit
with a load variation from 20% to 100% is ::::3%. Line regula-
tion at light loads is better than 0.3% for VIN= 4.5V to 5.5V,
but degrades to ::::1% for full loads.

With multiple output supplies obtained from a single
switching loop, the problem of cross regulation appears. In
this supply, an increase in load current from 50mA to 200mA
on one output, with a constant SOmA load on the second out·
put, will cause the loaded output to drop 280mV and the con-
stant load output to rise 1oomV.

If improved line and load regulation are necessary, a
modification can be made to the basic circuit as shown
below:

INPUT
BYPASS

CAPACITOR

;~~6~"'.. +
Rw

R2 is split into two resistors with the center tap coupled to the
ground pin of the LT1070 through Cwo A small resistor Rw is
inserted in series with the ground pin. When a load is applied
to the output, input current flowing through Rw causes the
voltage drop across R2 to increase. This increases regulated
primary voltage and thereby output voltage, cancelling the
open loop load regulation effects mentioned earlier. Line
regulation is also significantly improved at full load.

The value of Rw is found from:

Rw = (ro) (VIN)(E)(R2) (101)
(VoUT)(7k)(N)'

ro = output resistance without compensation = ll.VOUT/ll.loUT
E = efficiency ::::0.75

'Multiply N by two for dual outputs

For the circuit in Figure 25, ro is found by loading both out·
puts simultaneously, and summing the changes of the two
outputs. With 3% load regulation, @ 1l.IOUT= 2oomA, this is a
total output change of 9OOmV.ro is then 900mV divided by a
current change of 2oomA, or 4.511VOUTis the sum of the two
outputs, = 30V, N is 0.875 x 2 = 1.75, and R2 is ::::1.2k:

Rw = (4.5)(5)(0.75)(1,200) = 0.0550
(30)(7k)(1.75)
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This low value of resistance preserves the efficiency of the
converter, but is sometimes hard to find "off the shelf". A 15"
length of #26 hookup wire was used for the breadboard. To
minimize inductance, the wire is folded in half before winding
around a form.

Cw must be made large enough to prevent loop oscillation
problems. The product of Cw times the parallel resistance of
the two halves of R2 should be several times larger than the
basic regulator settling time constant.

With load regulation compensation, the effects of cross
regulation are worse than with no compensation. Multiple
output supplies should be carefully evaluated for all expected
conditions of output loading.

Frequency Compensation

The frequency compensation capacitor C2, is much lower in
this design than in others because the gm of the LT1070 is
much lower in the isolated mode than in the normal mode.
See frequency compensation section for details.

A current boosted buck converter is shown in Figure 26. It
can supply more output current than a standard buck con-
verter or a f1yback converter for larger input-output differen-
tials because current flows to the output both when the
switch is on and when it is off. The "on" cycle can supply up
to 5A to the load. The off cycle will deliver 1/N times that
much current. With N = 1/3, current delivered to the load duro
ing switch off time will be 15A. Total available load current
will depend on switch duty cycle, which in turn is fixed by in-
put voltage.
An operational amplifier must be added to generate a feed-
back signal which floats on top of the regulated output be-
cause that is where the ground pin of the LT1070 is tied. A 1 is
an LM308 selected because its output goes low when both its
inputs are equal to the op amp negative supply voltage. This
condition occurs at VOUT = 0 during start-up. If the op-amp
output went high during this condition, the LT1070 would
never start up. R1 and R2 set output voltage, with the bottom
of R1 returned directly to the load for "low" sensing. R4 and

4701l C3 R6 •
2!N 0.47"F 4701l

"V,N
1:N

Vsw ':"

N ~0.25

LT1070

R7 R2
1k 1.24k 01

GNO Vc FB

V,.

RB
10011
MINIMUM
LOAO~50mA



R5 force Kelvin sensing between the output and the ground
pin of the LT1070. It appears that these resistors are shorted
out, but the voltage drop across the wire from the ground pin
of the LT1070 to the output will cause load regulation prob-
lems unless it is "sensed" by R4 and R5.These resistors can
be eliminated if that wire is heavy gauge and less than 2"
long.

The following equations should be helpful in designing varia·
tions of this circuit.

R5= (Vour)· (R1) = (Vour)· (1.24k)
VREF 1.244V

R5_ R1
R4-R2

N VOur+VI(MIN)=------
VM- VIN- VSNUB

DC= Vour+VI
Vour + VI + N (VIN- Your)

LpRI= Vour
(61).f. (N+ Vour )

VIN-VOur

(V~UT + VIN- VOUT) (1- N)
Vp·p = (ESR)(lourJ------ (107)

VIN

lourlMAX)= ~P- ~)[ Vour+ VI/~N(VIN _ vour)] (0.8) (108)

IpAi= I~~ [Vour+ N (VIN- Your)] (Add~ for peak

primary current)

N = turns ratio
VM= LT1070maximum switch voltage
VSNUB= snubber voltage (see f1yback section)
VI = forward voltage of 01
DC = switch duty cycle
61= peak·to·peak primary ripple current
ESR= effective series resistance of C2
IpRI= average primary current during switch on time
Vp·p = peak·ta-peak output ripple voltage
Ip= max rated switch current for LT1070

The value for N(min)is based on switch breakdown. Low val·
ues give higher output current, but also higher switch voltage.
61 is normally chosen at 20 to 40% of IpRI.Note that the ripple
equation contains the term (1- N) in the numerator, implying
that output ripple current and voltage will bezero for N = 1.This
is because of the simplifying assumption that ripple current
into the output capacitor is the difference between primary and
secondary current. This difference is zero for N = 1, and the
equation is no longer valid.

The negative buck converter in Figure 27 is capable of much
higher output current than the standard buck converter upper
limit of 5A. For design details, see positive current boosted
buck converter and standard negative buck converter.

NEGATIVE INPUT·NEGATIVE OUTPUT FLYBACK
CONVERTER

This circuit in Figure 28 is normally used for negative output
voltages higher than the negative input. If voltages lowerthan
the input are required, see negative buck converter or nega·
tive current boosted buck converter and standard negative
buck converter.

The voltage divider, R1 and R2, is required to prevent forward
bias on 01. Connect R1, R2, and R3 exactly as shown for
proper output sensing. Further design details may be taken
from positive f1ybackconverter section.

(109) The positive input-negativeoutput flyback converter in Figure 29
requires an external op-amp to generate the feedback signal for
the LT1070.R1and R2set output voltage with R1scaled at 1kfJJV.
The bottom of R1goes directly to the output for sensing. R3and
R4provide the ground (low)sense.Any voltage drop between the
ground pin of the LT1070and the actual ground (+ ) output can
cause load regulation problems. These are eliminated if R3and
R4areconnected exactly as shown. R3and R4can beeliminated
if the LT1070ground pin is connected directly to output ground
with a veryshort heavywire.

For design details, see positive flyback converter.
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.
'hT1 I

I. 'hT1

1 } TOTAL INOUCTANCE~4mH
INTERLEAVE PRIMARY AND

~'-5 SECONDARY F.OR LOW LEAKAGE
- INDUCTANCE

The standard boost converter has a maximum output voltage
slightly less than the maximum switch voltage of the LT1070.
If higher voltages are desired, the inductor can be tapped as
shown in Figure 30. The effect of the tap is to reduce peak
switch voltage by;

(VOUT- VIN) ( 1~ N ) volts.

A large value for N will allow high output voltages to be regu-
lated without exceeding maximum switch voltage.
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A snubber is needed now to handle leakage inductance of the
tap point. The following formulas will be helpful for variations
on this design.

N(min)= VOUT- VM + VSNUB (Use max VIN)
VM - VIN - VSNUB

DC= VOur-VIN
Vour + (N) • (VIN)

Ip- M MN)
IOur(MAX)= __ 2 __

Vour+(N)· (VIN)

I lour (Vour + NVIN)
PRI= (VIN)

Average during switch on
time. For peak, add ~ (113)

LpRI= VIN(VOur-VIN) (114)
(~I)(n (Vour + N VIN)

~I ::::20to 40% of IpRI

V . - (IouT)(ESR)(VOUT + N VIN) (115)
pp- VIN(N+1)

DC = switch duty cycle
VSNUB= snubber voltage (see f1yback section for details)
VM = maximum allowed LT1070 switch voltage
Ip = maximum LT1070 switch current
~I = peak-to-peak primary current ripple
ESR = effective series resistance of C
Vp-p = peak·to·peak output voltage ripple

L1 should be wound for minimum leakage inductance by using
bifilar winding or interleaved windings. R3 and C2 are selected
using the technique described in the frequency compensation
section. For snubber details see f1yback description section. This
regulator is not short-circuit proof because L1 and D1 short input
to ground when output is shorted.

The LT1070 can be used as a negative boost regulator as
shown in Figure 31 by using the same diode-coupled feed-
back technique used in the positive buck mode. Basically, D2
and C3 create a peak detector which gives a voltage across
C3 equal to the output voltage. R1 and R2 act as a voltage di-
vider to set output voltage at (VREF)(R1 + R2)/R2. C3 also acts
as a floating power supply for the LT1070. The ground pin of
the LT1070 switches back and forth between the output volt-
age and ground to drive the inductor, L1. For proper circuit
operation, a minimum preload of 10mA is required on the out·
put (shown as Ro).

For further design information, see positive boost converter
for details on L1, C1, D1, and output filters. The feedback
scheme used here is discussed in more detail in the positive
buck section. A refinement in the feedback is that the power
transistor driver current flowing into the VIN pin must come
from D2 and C3. This tends to compensate for the series reo
sistance of D1 as it affects load regulation.
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This positive to negative converter uses the same feed-
back technique as the positive buck converter. Normal
feedback cannot be used because the ground pin of the
LT1070 is sWitching back and forth between + VIN and
- VOUT.To generate a floating feedback signal, 02 peak
detects the output voltage during the LT1070 switch off
time. This voltage appears across C3 as a floating OC level
which is used as feedback to the LT1070. Output voltage is
set by the ratio of R1 to R2. R4 is used to limit the effect of
turn·on spikes across the main catch diode, 01. Without
this resistor, 01 turn·on spikes would cause C3 to charge
to an abnormally high voltage and the output voltage
would sag down at high load currents.

03 and C4 are used to generate a floating supply for the
LT1070. The voltage across C4 will peak detect to (VOUT)
volts. RS is added to ensure start-up. R6 is a preload, reo
quired only if the normal load can drop to zero current.

For further design details on this circuit, the basic formu-
las from the negative to positive buck/boost converter may
be used, along with the feedback explanation from the
positive buck converter.

This tapped-inductor version of the boost converter can
offer significant increases in output power when the
input-output voltage differential is not too high. The ratio
of output current for this converter compared to a stand-
ard boost converter is:

lOUT _ N + 1

IBOOST - N (1 -~) + 1
VOUT

If VOUT- VIN, the increase in output current approaches
N + 1. Maximum N, however, is limited by switch break-
down voltage;

N(max) = VM - VOUT- VSNUB
VOUT- VMIN

VM = maximum LT1070 switch voltage
VSNUB= snubber voltage (see Flyback section)
VMIN= minimum input voltage

For VM = 60V, VOUT= 28V, VSNUB= 8V, VMIN= 16V

N(max)= 60-28-L2
28-16
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The increase in output current is;

~ = 2+1 =1.62=62%
IBOOST 2 (1 - ~V+ 1

operating duty cycle is given by;

DC= VOUT- VIN

VOUT- (N~1) (VIN)

A reasonable value for total inductance is found by as-
suming that this circuit is used near peak switch current
of 5A, and allowing a 20% increase in switch current dur-
ing switch on time-~I = 1A

Actual maximum output current is:

I () (Ip- ~1/2) (5- 0.5)
OUT max = V =

OUT __ N_ 28 _ g
VMIN N+1 16 3

=4.15A

Ip= maximum LT1070switch current
~I = increase in inductor current during switch on time
~I= VOUT-VIN (L=totalinductance)

(L)(n (VOUT __ N_)
VIN N + 1

L(total)= VOUT- VMIN
(n(~I) (VOUT __ N_)

\VMIN N + 1

= 28-16
(40.103) (1) (28 - g)

16 3

Snubber values are empirically selected to limit snubber
voltage to the value chosen ('" 8V). For lowest snubber
losses, the "1" and "N" sections of the inductor should be
wound for maximum coupling (consult manufacturers).

I D1 VOUT
28V
4A

V,N

R1
VIN 27k

16-24V- lT1070

C1

GND

R2
1.24k

C2

':'
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Forward converters can use smaller cores than flyback
converters because they do not need to store energy in the
core. Energy is transferred directly to the output during
switch "on" time. The output secondary (N) is positive and
delivering current through D1 when the LT1070 switch is
on (Vsw low). At switch turn off, the output winding goes
negative and output current flows through D2 as in a buck
regulator. A third winding (M) is needed in a single switch
forward converter to define switch voltage during switch
off time. This "reset" winding, however, limits the maxi-
mum duty cycle allowed for the switch. The voltage across
the switch during its off state is:

Vsw = VIN + V~N+ VSNUB

VSNUB= snubber voltage spike caused by leakage
inductance

By rearranging this formula, a minimum value for M can be
found:

M(min) = VIN(MAX)
VM- VIN(MAX)- VSNUB

VM = maximum LT1070 switch voltage
VIN(MAX)= maximum input voltage

For the circuit shown, with VIN(MAX)= 30V, and selecting
VSNUB= 5V, and VM = 60V:

30
M(min)= 60-30-5 = 1.2

The value of M will define maximum switch duty cycle. If
the LT1070 attempts to operate at a duty cycle above this
limit, the core will saturate because the volt-second prod·
uct across the primary in the switch off state will not be
enough to keep flux balance. Duty cycle is limited to:

DC(max) _1_ = 1 = 45%
1 + M 1 + 1.2

Forward Converter

11
01 70pH VOUTT1 5V

6A

02 Cl +
2000"F

VIN Vsw Rl
3.74k

VIN _
LT1070 042D-30V-

GNO Vc FB
R6

330

R2

C4
R5 1.24k
111

-=
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For maximum output current, N should be as small as
possible. Smaller values of N, however, require larger duty
cycles, so N is limited to a minimum of:

N(min): _(M_+_1)_(V_OU_T+_V_I)
VIN(LOW)

VI: 01 and 02 forward voltage
VIN(LOW): minimum input voltage

For the circuit shown, with VI: 0.6V, VIN(LOW): 20V:

N(min): (1.2 + 1~65+ 0.6) - 0.62

To avoid core saturation during normal operation, primary
inductance must be a minimum value determined by core
volume and core flux density:

L > ( VOUT+ VI )2 ( 0.411"- /le )
PRI- N-BM-f Ve-10-8

BM: maximum operating flux density
f: LT1070 operating frequency (40kHz)
Ve: core volume
/le: effective core permeability

For BM: 2000 gauss (typical for ferrites), Ve: 6cm 3, and
lie: 1500, VOUT+ VI: 5.6V, N: 0.62:

L > [ 5.6 ] 2 (0.411")(1500) : 400 H
PRI- (0.62) (2000) (40 x 103) (6)(10-8) /l

The operating flux density of forward converters is often
limited by temperature rise rather than saturation. At 2000
gauss, the core loss of a typical ferrite is 0.25W/cm3. Total
core loss @ Ve: 6cm3 '" 1.5W. When this is combined with
copper winding losses, there may be excess core tempera·
tures. Larger cores will allow more space for copper, or
can be operated at lower flux density with the same cop·
per loss. See Transformer Design guide for further details.

Conventional forward converters use a flip·flop to limit
maximum duty cycle to 50% and set M : 1. The LT1070 will
let duty cycle go to ::: 95% during start up and low input
voltage conditions. This would cause core saturation and
subsequent primary and switch currents of up to 10A. To
avoid this, Q1 and R5 have been added. Onset of core

saturation will cause a voltage drop across R5 high
enough to turn on Q1 at each cycle. This pulls down on the
Vc pin, reducing duty cycle and maintaining normal switch
currents. R6 and C4 filter out spikes.

Operating duty cycle is given by;

DC: VOUT+ VI
N - VIN

The output filter inductor (L1) is chosen as a tradeoff be·
tween maximum output power, output ripple, physical
size, and loop transient response. A reasonable value is
one which gives a peak·to·peak inductor ripple current
(dill of ",20% of lOUT.This leads to a value for L1 of:

L1: VOUT(N - VIN - VOUT)
(0.2 lOUT)(N -VIN - f)

for lOUT: 6A, VIN: 25V, VOUT: 5V, N: 0.62:

5[(0.62) (25) - 5] _
L1: (0.2) (6) (0.62) (25) (40 x 103) - 70/lH

Larger values of L1 will increase maximum output current
only slightly. Output ripple voltage will go down inversely
with larger L1, but physical size will quickly become a
problem for large values because the inductor must han·
die large DC currents. Peak inductor current is equal to
lOUT+ dIL/2.

Maximum output current for this forward converter is
given by:

IOUT(MAX): [* - d~L _ dl~RI] 0.9

Ip: maximum LT1070 switch current
dipRI : peak primary magnetizing current

: VOUT/(f- N - LpRI)
dlL: peak·to-peak output inductor current
0.9: fudge factor for losses

For Ip: 5A, N : 0.62, dlL: 1.2A, dlpRI: 0.5A;

IOUT(MAX): [_5_ - 11- Jl:i] 0.9: 6A
0.62 2 0.62
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Output voltage ripple (p.p) is assumed to be set by L1 and
the ESR of C1:

Vp-p = (AIL) (ESR1) = ESR1 ~~~)Tlf~~N; (~II~)- VOUT)

ESR1 = effective series resistance of C1

If we assume 0.020 for ESR1, and VIN = 25V,

Vp-p = (70 x(~g~Wi~~·~21~3~~0~6~)(25) = 24mVp-p

If less output ripple is desired, the most effective method
may be to add an LC filter. See section on output filters.

FREQUENCY COMPENSATION
Although the architecture of the LT1070 is simple enough to
lend itself to a mathematical approach to frequency com-
pensation, the added complication of input and/or output fil-
ters, unknown capacitor ESR, and gross operating point
changes with input voltage and load current variations all
suggest a more practical empirical method. Many hours
spent on breadboards have shown that the simplest way to
optimize the frequency compensation of the LT1070 is to use
transient response techniques and an "RlC box" to quickly
iterate toward the final compensation network.

There are many ways to inject a transient signal into a
switching regulator, but the suggested method is to use an
AC coupled output load variation. This technique avoids prob-
lems of injection point loading and is general to all switching
topologies. The only variation required may be an amplitude
adjustment to maintain small signal conditions with ade-
quate signal strength. Figure 32 shows the set-up.

A function generator with 500 output impedance is coupled
through a 50l1/1000I'F series RC network to the regulator out-
put. Generator frequency is non-critical. A good starting point
is "'50Hz. Lower frequencies may cause a blinking scope dis-
play which is annoying to work with. Higher frequencies may
not allow sufficient settling time for the output transient.
Amplitude of the generator output is typically set at 5Vp-p to
generate a 100mAp-p load variation. For lightly loaded out-
puts (IOUT<100mA), this level may be too high for small signal

response. If the positive and negative transition settling
waveforms are significantly different, amplitude should be re-
duced. Actual amplitude is not particularly important
because it is the shape of the resulting regulator output wave-
form which indicates loop stability.

A two-pole oscilloscope filter with f = 10kHz is used to block
switching frequencies. Regulators without added LC output
filters have SWitching frequency signals at their outputs
which may be much higher amplitude than the low frequency
settling waveform to be studied. The filter frequency is high
enough to pass the settling waveform with no distortion.

Oscilloscope and generator connections should be made
exactly as shown to prevent ground loop errors. The oscillo-
scope is synced by connecting channel "B" probe to the
generator output, with the ground clip of the second probe
connected to exactly the same place as channel "A" ground.
The standard 500 BNC sync output of the generator should
not be used because of ground loop errors. It may also be
necessary to isolate either the generator or oscilloscope
from its third wire (earth ground) connection in the power plug
to prevent ground loop errors in the 'scope display. These
ground loop errors are checked by connecting channel "A"
probe tip to exactly the same point as the probe ground clip.
Any reading on channel "A" indicates a ground loop problem.

Once the proper set-up is made, finding the optimum values
for the frequency compensation network is fairly straightfor-
ward.lnitially, C2 is made large (~21'F), and R3 is made small
('" 1kO).This nearly always ensures that the regulator will be
stable enough to start iteration. Now, if the regulator output
waveform is single-pole over-damped, (see the waveforms in
Figure 33) the value of C2 is reduced in steps of about 2:1 until
the response becomes slightly under-damped. Next, R3 is
increased in steps of 2:1 to introduce a loop "zero". This will
normally improve damping and allow the value of C2 to be fur-
ther reduced. Shifting back and forth between R3 and C2 vari-
ations will now allow one to quickly find optimum values.

If the regulator response is under-damped with the initial
large value of C, R should be increased immediately before
larger values of C are tried. This will normally bring about the
over-damped starting condition for further iteration.
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Just what is meant by "optimum values" for R3 and C2.This
normally means the smallest value for C2 and the largest val·
ue for R3 which still guarantee no loop oscillations, and
which result in loop settling that is as rapid as possible. The
reason for this approach is that it minimizes the variations in
output voltage caused by input ripple voltage and output load
transients. A sWitching regulator which is grossly over·
damped will never oscillate, but it may have unacceptably
large output transients following sudden changes in input
voltage or output loading. It may also suffer from excessive
overshoot problems on start-up or short circuit recovery.

To guarantee acceptable loop stability under all conditions,
the initial values chosen for R3and C2 should be checked un·
der all conditions of input voltage and load current. The sim-
plest way of accomplishing this is to apply load currents of
minimum, maximum, and several points in between. At each
load current, input voltage is varied from minimum to maxi-
mum while observing the settling waveform. The additional
time spent "worst·casing" in this manner is definitely neces-
sary. Switching regulators, unlike linear regulators, have
large shifts in loop gain and phase with operating conditions.

g
A B

SCOPE
GROUND
CLIP

~ l GENERATOR OUTPUT

~~----- -------- EFFECTOFINCREASEOR~
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If large temperature variations areexpected for the regulator,
stability checks should also be done at the temperature ex-
tremes. There can be significant temperature variations in
several key component parameters which affect stability; in
particular, input and output capacitor value and their ESR,
and inductor permeability. LT1070parametric variations also
need some consideration. Those which affect loop stability
are error amplifier gm, and the transfer function of Vc pin volt-
age versus switch current (listed as a transconductance
under electrical specifications.) For modest temperature
variations, conservativeover-dampingunderworst-case room
temperature conditions is usually sufficient to guarantee
adequate stability at all temperatures.
Check Margins
One measure of stability "margin" is to vary the selected val·
ues of both Rand C by 2:1 in all possible combinations. If the
regulator response remains reasonably well damped under
all line and load conditions, the regulator can be considered
fairly tolerant of parametric variations. Any tendency towards
an under-damped (ringing) response indicates that a more
conservative compensation may be needed.
There are several large signal dynamic tests which should
also be done on a completed regulator design. The first is to
check response to the worst-case large·amplitude load varia-
tion. A sudden change from light-load to full-load current may
cause the regulator to have an unacceptably large transient
dip in output voltage. The simplest cure for this is to increase
the size of the output capacitor. Lower inductor values and
less conservative frequency compensation also help. A sec·
ond consideration is the output overshoot created when a

large load is suddenly removed. This is potentially more dan·
gerous than a dip because a large overshoot may destroy
loads still connected to the regulator output.

Eliminating Start-Up Overshoot
Another transient condition to be checked is start-up over·
shoot. When input voltage is first applied to a switching
regulator, the regulator dumps full short·circuit current
into the output capacitor attempting to bring the output up
to its regulated value. The output can then overshoot well
beyond its design value before the control loop is able to
idle back the output current. The amplitude of the over·
shoot can be anywhere from millivolts to tens of volts
depending on topology, line and load conditions, and
component values. This same overshoot possibility exists
for output recovery from output shorts. Again, larger out·
put capacitors, smaller inductors, and faster loop re-
sponse help reduce overshoot. There are also several
ways to force slow start-up to eliminate the overshoot. The
first is to put a capacitor across the output voltage divider.
This creates a time-dependent output voltage setting dur-
ing start-up and usually eliminates overshoot. This capaci-
tor also has an effect on feedback loop characteristics
during normal operation, and it can create unacceptably
large negative transients on the feedback pin if the output
voltage is high and a sudden output short occurs. The
transient problem is eliminated by inserting a resistor in
series with the feedback pin (see Feedback Pin part of pin
description section). If undesirable loop characteristics
are created by the capacitor, they can be eliminated by
diode coupling the capacitor as shown in Figure 34.

VOUTfi
I

::lpF tR1 :fc,
I I DIDOES DISCONNECT C x

__ --l....1....l_DURING NORMAL OPERATION
~ AND ELIMINATE NEED
I I FOR RFB·

fR2 *
I I
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Another general technique for forcing slow start-up is to
clamp the Ve pin to a capacitor, C4. The value of R4 is chosen
to give a voltage across Rz of 2V at worst-case low input volt-
age. (IR4= 100~). C4 is then selected to ramp Ve slow enough
to eliminate start-up overshoot. C4 should be made no larger
than necessary to prevent long reset times. A momentary
drop to zero volts at the input may not allow enough time for
C4 to discharge fully. If input drop-outs of less than 5R4C4
seconds are anticipated, R4 should be paralleled with a diode
(cathode to input) for fast reset.

The LT1070 has internal switch current limiting which oper-
ates on a cycle-by-cycle basis and limits peak switch current
to ,.,9A at low duty cycles and ,.,6A at high duty cycles. The
actual output current limit value may be much higher or lower
depending on topology, input voltage, and output voltage.
The following formulas give an approximate value for output
current limit under short circuit output conditions and at the
point where output voltage just begins to fall below its regu-
lated value.

OVERLOAD SHORT CIRCUIT
CURRENT (AMPS) CURRENT (AMPS)

Buck 5t08 ",8
Boost (5 to 8) (V1NNoUT) Not Allowed
Buck-Boost (5 to 8)/(1+ VOUTN1N) ",8
(Inverting)

Current (5t08)( V1N ) "'8JN
Boosted Vour + N (VIN- VOUT)
Buck

Voltage ( V1N ) Not Allowed
Boosted

(5t08) VOUT+N V1N
Boost

Flyback 5t08
"'8JN

(Continuous) (VOUTN1N)+N

Flyback Depends on L ",8JN
(Discontinuous)

Current 5t08 Not Allowed
Boosted Cv~)- (N~1 )Boost
Forward 5t08JN ",8JN

These formulas show that short circuit current can be much
higher than full load current for some topologies. If either full
load current or short circuit is much higher than is required
for a specific application, external current limiting can be
added. This has the advantage of reducing stress on external
components, avoiding overload on the input supply, and re-
ducing heatsink requirements on the LT1070 itself.

The LT1070 is externally current limited by clamping the Ve
pin. The techniques shown in Figures 35-39 are just a few of
the ways this can be accomplished.

The relationship between switch current limit point and Ve
clamp voltage is approximately:

ISW(MAX) = 9 lYe -1) - 3 • (DC) amps

DC = switch duty cycle

This relationship is somewhat temperature dependent. The
current limit point falls at about O.3%/oC, so the value set at
room temperature should be factored to allow for adequate
current limit at higher temperatures. Also, the factor "9" and
"3" vary ± 30% in production, so a conservative design will
normally clamp switch current to about twice the value
needed for maximum load current. This can result in rather
high short circuit currents, so the current limit scheme may
want to include "fold back", wherein the peak switch current
is clamped to a lower value with Your: OV. By varying the
amount of foldback, the short circuit current can be made
greater than, equal to, or less than full load current.

Simple current limiting is shown in Figure 35. Vx is an external
voltage which could be a separate regulated voltage or the
unregulated input voltage. R2 is selected to give approxi·
mately 2V across Rt The value of R1 is kept to 5000 or below
to keep the knee of the current limit as sharp as possible. If
individual adjustment is not necessary, R1 can be replaced
with a fixed resistor. (Note that in some topologies the
ground, Ve, and FB pins of the LT1070 are switching at high
voltage levels. This will require Vx to be referenced to the
LT1070 ground pin, not system ground.)

In Figure 36, D1 has been replaced with a PNPtransistorto re-
duce the current drain through R1 to 100~. This is helpful in
situations where the LT1070 is used in the total shutdown
mode.



In Figure 37, fo/dback current limiting is generated by clamp-
ing the Vc pin to an output voltage divider. This will reduce
short circuit current by an amount which depends on the rela-
tive values of R3, R4, and R5. R5 is needed to prevent "latch
off", wherein the output current drops to zero during short cir-
cuit and stays at zero even if the short is removed. If this
latchoff action is desirable, R5can be eliminated. A normally
closed "start" switch can then be placed in series with D1. If
non·zero short circuit current is desired, R5 is selected to give
desired short circuit current and R4 is adjusted for full load
current limit. There is some interaction, so R4should be set to
about midspan for initial selection of R5. If less interaction is
desired between R4 and R5 adjustments, a 4700 resistor can
be inserted in series with the wiper on R4to form a voltage di-
vider with R5.

A current transformer (f1) is used in Figure 38 to generate a
more precise current limit. The primary is placed in series
with the output switching diode for buck, f1yback, and buckJ
boost configurations. Output diode peak current is limited to:

IpEAK=_N_ (VSE+ VOUTR4)
R5 R3+ R4

VSE= base-emitter voltage of Q1

The R3/R4divider provides fold back as shown in the formula,
with short circuit diode current limited to N • VSE/R5.lna typ-
ical application, R3 is selected to set the voltage across R4to
""1V at normal output voltage. Then R5 is calculated from:

R5 = N (VSE + VR4)
IpEAK(PRIMARy)

v, v,
LT1070 LT1070

R2 R2

~2V
/1/ GNO Vc GNO Vc

R1
01

5000
R1

20kO

v,

R5f

R3

LT1070 = VOUT R1
4mA

I

FB I
GNO Vc !~.

R4
~1' 5000

R2

:;=

PRI

T1 tJ1
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The effective secondary current limit sense voltage is
VSE+ VR4 at full output voltage and just VSE during short cir-
cuit, giving :::::2.7:1foldback ratio. The diode in T1 secondary
allows the secondary to "reset" between current pulses, so
that true peak-to-peak diode current is controlled. C1 is used
to filter out spikes and noise.

In Figure 39 a current limit sense resistor (Rs) is placed in
series with the ground pin of the LT1070. Peak switch current
is limited to VSE(Q1)/Rs. This circuit is useful only in situa-
tions where the negative input line and the negative output
line do not have to be common. Power dissipation in RS will
be fairly high; P:::::(0.6V)(lpEAKl(DC), where DC is the duty cy-
cle of the switch. R1 and C1 filter out noise spikes and catch
diode reverse turn-off current spikes.

DRIVING EXTERNAL TRANSISTORS
High input voltage applications using the LT1070 require an ex-
ternal high voltage transistor. The transistor is connected in a
common gate or common base mode as shown in Figures 40
and 41. This allows the LT1070 internal current sensing to con-
tinue functioning and operates the external transistor in a mode
which maximizes both operating voltage and switching speed
capability.

In Figure 40, the LT1070 drives an N channel power MOSFET.
A separate low voltage supply is used to power the LT1070

NOTE THAT THE LT1070
GND PIN IS NO LONGER
COMMON TO VINI -)

and to establish forward gate drive to the MOSFET. Typical
gate drive requirement is 10V, with 20V as a typical maximum.
The forward gate drive applied to the MOSFET is equal to the
supply voltage minus the saturation voltage of the LT1070
switch (saturation voltage is typically under 1V). D1 is used to
clamp the source during turn-off; it does not slow down turn-
off. Diode requirements are that it withstand narrow (100ns)
current spikes equal to drain current and that it turn "on"
rapidly to provide proper clamping.

In Figure 41, the LT1070 drives an NPN bipolar transistor.
These devices require high surge base currents at turn-on and
turn-off to ensure fast switching times. R1 establishes DC
base drive which might be :::::1/5 of collector current. C1 pro·
vides a forward base current surge at turn-on. Typical values
are in the range of 0.OO5-0.05~F. D1 clamps the emitter volt-
age at turn-off. It prevents full collector current from flowing
out the base lead during the turn-off delay time (0.5-21l5). D2
and R1 establish the reverse base turn-off current. The volt-
age across R2 during turn-off delay time is approximately one
diode drop. With R2 = 30, and a diode drop of BOOmV, this
would create :::::270mA reverse base current during turn off.
Reverse leakage in the "off" state is not a problem with this
circuit because D1 and D2 force the emitter-base voltage to
zero bias when the LT1070 switch is off. D1 should be
selected for fast turn on. It must handle currents equal to
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collector current for times equal to the turn·off time of the
transistor. 02 can be any medium speed diode rated for sev·
eral hundred mA forward current spikes (1N914,etc.).

OUTPUT RECTIFYING DIODE
The output diode is often the major source of power loss in
SWitching regulators, especially with output voltages below
10V. It is therefore very important to be able to calculate
diode peak current and average power dissipation to ensure

adequate diode ratings. The chart in Figure 42 lists average
diode power dissipation and peak diode current for normal
loads. It also lists diode current under shorted output condi·
tions where the diode duty cycle approaches 100%, and peak
and averagecurrents are essentially the same.

The value for diode forward voltage (Vf) used in the average
power formulas is the voltage specified for the diode under
peak current conditions listed in the next column. The peak
current formulas assume no ripple current in the inductor or
transformer, but average power calculations will be reason·
ably close evenwith fairly high ripple. Boost converters in par·
ticular are hard on output diodes when the output voltage is
significantly higher than the input voltage. This gives peak
diode currents much higher than the average, and manufac-
turers current ratings must be used with caution.

The most stressful condition for output diodes is overload or
short circuit conditions. The internal current limit of the
LT1070 is typically 9A at low switch duty cycles. This is al-
most a factor of two higher than the SArated switch current,
so that even if the regulator is used near its limit at full load,
the output diode current may double under current limit
conditions. If full load output current requires only a fraction
of the SArated switch current, the ratio of diode short circuit
current to full load current may be much higher than two to

AVERAGE DIODE PEAK DIODE CURRENT
PEAK DIODE

TOPOLOGY DISSIPATION Po @ FULL LOAD SHORT CIRCUIT VOLTAGE
(WATTS) (AMPS) (AMPS)

Buck ( VOUT)
III ~8 VIN(lOUT) (VI) 1 - ViN lOUT+ "2

Current Boosted Buck ( VOUT) lOUT (VOUT ) ~8/N (NOVIN)+VOUT(IOUT)(V,) 1 - ViN - - -VOUT+VINV1N • N

Boost (lOUT) (V,)
lOUT(VOUT) III

Not Allowed VOUT-----vjN +"2

Current Boosted Boost (lOUT) (V,) [VOUT (VOUT )]
IllpRtlN + 1)

Not Allowed VOUT-VIN (N~1)lOUT -+N --1 +--2-V1N V1N

Voltage Boosted Boost (lOUT) (Vi)
IOUTI(N 0 V1N+ VOUT)

Not Allowed VOUT+ N(V1N)
V1N(N +1)

Inverting (Buck·Boostl (IOUTI (V,)
lOUT(V1N+ VouTI III

+- ~8 VOUT + V1NV1N 2

Flyback (Continuous) (I0UT)(V1) lOUT ~ +
VOUT ) IllpRI

~7/N VOUT + (N) (V1N)No V1N +2fi/

Flyback (Discontinuous) (IOUT)(VI)
1 /2 (IOUT)(VOUT)

~7/N VOUT + (N)(V1N)
NV f (Lpri)
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one. A regulator designed to withstand continuous short
conditions must either use diodes rated for the full short cir·
cuit current shown in the fourth column, or it must incorpo-
rate some form of external current limiting. See current limit
section for more details.

The last column in Figure 42 shows maximum reverse diode
voltage. When calculating this number, be sure to use worst·
case high input voltage. Transformer or tapped inductor de·
signs may have an additional damped "ringing" waveform
which adds to peak diode voltage. This can be reduced with a
series RlC damper network in parallel with the diode.

Switching diodes have two important transient characteris·
tics; reverse recovery time, and forward turn-on time. Reverse
recovery time occurs because the diode "stores" charge duro
ing its forward conducting cycle. This stored charge causes
the diode to act like a low impedance conductive element for
a short period of time after reverse drive is applied. Reverse
recovery time is measured by forward biasing the diode with a
specified current, then forcing a second specified current
backwards through the diode. The time required for the diode
to change from a reverse conducting state to its normal reo
verse non-eonducting state, is reverse recovery time. Hard
turn-off diodes switch abruptly from one state to the other
following reverse recovery time. They therefore dissipate very
little power even with moderate reverse recovery times. Soft
turn-off diodes have a gradual turn·off characteristic that can
cause considerable diode dissipation during the turn-off in-
terval. Figure 43 shows typical current and voltage wave-
forms for several commercial diode types used in an LT1070
boost converter with VIN= 10V, VOUT= 20V, 2A.

Long reverse recovery times can cause significant extra heat-
ing in the diode or the LT1070 switch. Total power dissipated
is given by:

Ptrr=V-f-trr-lf

V = reverse diode voltage
f = LT1070 switching frequency

trr = reverse recovery time
If = diode forward current just prior to turn-off

With the circuit mentioned, If is 4A, V = 20V, and f = 40kHz.
Note that diode "on" current is twice output current for this

particular boost configuration. A diode with trr = 300ns cre·
ates a power loss of:

Ptrr= (20)(40 x 103)(300 x 10 -6)(4) =O.96W

If this same diode had a forward voltage of O.BVat 4A, its forward
loss would be 2A (average current) times O.BV, equals 1.6W.
Reverse recovery losses in this example are nearly as large as
forward losses. It is important to realize, however, that reverse
losses may not necessarily increase diode dissipation signif-
icantly. A hard turn-off diode will shift much of the power dissipa-
tion to the LT1070 switch, which will undergo a high current and
high voltage condition during the duration of reverse recovery
time. This has not shown to be harmful to the LT1070, but the
power loss remains.

Diode turn-on time can potentially be more harmful than re-
verse turn-off. It is normally assumed that the output diode
clamps to the output voltage and prevents the inductor or
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transformer connection from rising higher than the output. A
diode that turns "on" slowly can have a very high forward volt-
age for the duration of turn-on time. The problem is that this
increased voltage appears across the LT1070 switch. A 20V
turn-on spike superimposed on a 40V boost mode output
pushes switch voltage perilously close to the 65V limit. The
graphs in Figure 44 show diode turn-on spikes for three com-
mon diode types, fast, ultra-fast, and Schottky. The height of
the spike will be dependent on rate of rise of current and the
final current value, but these graphs emphasize the need for
fast turn·on characteristics in applications which push the
limits of switch voltage.

Fast diodes can be useless if the stray inductance is high in
the diode, output capacitor, or LT1070 loop. 20 gauge hookup
wire has ::::30nH/in. inductance. The current fall-time of the
LT1070 switch is ::::108A/sec. This generates a voltage of
(108) (~OX 10 -9) = 3V per inch in stray wiring. Keep the diode,
capacitor, and LT1070 ground/switch lead lengths short.
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INPUT FILTERS

Most switching regulator designs draw current from the input
supply in pulses. The peak-to-peak amplitude of these current
pulses is often equal to or higher than the load current. There
is significant high frequency energy in the pulses which can
cause EMI problems in some systems. The addition of a sim-
ple LC filter between the supply and the switching regulator
can reduce the amplitude of this EMI by more than an order of
magnitude at the switching frequency, and several orders of
magnitude at higher harmonic frequencies. The basic filter
shown in Figure 45 can be added to any switching regulator.

The two major design considerations for the filter are the re-
verse current transfer function which determines ripple
attenuation, and the filter output impedance function which
must satisfy regulator stability criteria. The stability problem
?ccurs because switching regulators have a negative input
Impedance at low frequencies:

ZIN (DC) = _ (VIN) 2
(Vour)(lour)

The output impedance of the filter has a sharp peak at the LC
resonant frequency. If the output impedance is not well below
the negative input impedance of the regulator at frequencies
up. to the ba.nd~idth of the regulator control loop, the possi·
bllity for OSCillation exists.

~here is a basic conflict in the two filter requirements. High
npple attenuation is obtained with a large LC product with
high Q, but this also tends to aggravate oscillation problems.
This conflict is minimized by using large C with smaller L to
~et. the, required LC product, but size requirements may also
limit thiS approach. An additional "fix" is to lower the Q of the
filter by paralleling L with a small resistor (Rj). This has the

Figure 45.
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disadvantage of limiting the filter attenuation at high frequen·
cies. Filter Q is also reduced by the ESR (Rs) of the capacitor,
but deliberately increasing ESR exacts a heavy penalty in rip·
pie attenuation and power loss.

Ripple attenuation of an input filter may be calculated from:

loUlip-p) = Rs + Rs (DC) (1 - DC)
IIN(P'p) Rt (L) tn

Rs = effective series resistance of C
DC = switching regulator duty cycle

Note that this formula does not contain the value of C. This is
because large electrolytic capacitors have a total impedance
at 20kHz and above which is essentially equal to ESR. For rip·
pie attenuation, therefore, the value of C is not important; the
capacitor is selected on the basis of its ESR.

A typical filter might consist of a 10J.lHinductor and a 500J.lF
capacitor with Rs = 0.05n. Filter attenuation is least effective
at 50% duty cycle (DC = 0.5), so we will use this number now
for worst-case purposes. Ripple attenuation of this filter with
Rt= 00 is:

IOlJT_
1iN-

(0.05) (0.5) (i - 0.5)
(10 x 10 -6)(40 X 103)

The formula assumes rectangular wave inputs with triangular
outputs and yields the ratio of peak·to·peak values. Higher
frequency components of the square wave current are at·
tenuated much more than the overall attenuation figure.

Output impedance of the filter given by:

lour = 1
_1 J_ + JwC + Rs(wC)2

Rf wL 1+ (wRSC)2 1+ (wRsC) 2

w = radian frequency = 211"f

This formula has a DC (w = 0) value of zero and a high fre-
quency value equal to Rs in parallel with Rf.lf Rs is simply the
ESR of the capacitor, both high and low frequency output
impedance of the filter is very low. Unfortunately, the output
impedance of the filter at its resonant frequency can be sig-
nificantly higher, and this resonant frequency is typically in
the range where switching regulators have negative input

impedance. Resonant frequency and peak output impedance
formulas are shown below.

f= 1
27f'o!~LC---(-Rs~)2~.-C~2

If Rs is simply the ESR of C, the filter resonant frequency is
usually closely approximated by:

(RS2.C )--«1
L

f= 1
2nf[C

Rt{LC)
ZolJT(PEAK)= LC + (Rs • Rf. C2)

Resonant frequency for a 5OOJ.lF,10J.lHfilter is ",2kHz. Peak out·
put impedance with Rt = 00, and Rs = 0.05n is ",0.4n.

The criteria for regulator stability is that the filter impedance
be much lower than the input impedance of the regulator:

Rt{LC)
LC + Rs • Rt • C2 «llN

The worst-case occurs with switching regulators which have
low input voltage. If we let VIN = 5V, and VOlJT= 20V,
IOlJT= 1A, regulator input impedance at low frequencies is
(52)/(20 • 1) = 1.25n. The peak filter impedance was calcu-
lated at 0.4n, so it seems that stability criteria is met. There is
the problem, however, of the too good a capacitor in the filter.
If the ESR of C drops to 0.02n, peak filter impedance rises to
in, and stability becomes questionable. To bring peak filter
impedance down, Rf may have to be added. If Rf is set at in,
peak filter impedance drops to 0.5n. The penalty in ripple
attenuation is a reduction from 32:1 to 12:1 for Rs = 0.05n.

In all this discussion, the output impedance of the actual in·
put source was assumed to be zero. This is not the actual
case obviously, and source impedance may have a signif·
icant effect on stability.

The point of all this is that input filters tend to have resonant
frequencies and impedances which fall into the range where
they can cause stability problems in switching regulators. It
is important, therefore, to include the filter design into the
overall regulator design from the beginning. The selected fil-
ter must be in place when the regulator is checked for closed
loop stability, and the actual source should be used.
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The primary reason for using switching regulators is efficiency,
so it is important to be able to estimate that factor with some de·
gree of accuracy. In many cases, the overall efficiency is not as
critical as the power loss in the individual components. For reo
liable operation, each power dissipating component must be
properly sized or heat sunk to ensure that maximum operating
temperature is not exceeded. Overall efficiency is then found by
dividing output power by the sum of all losses plus output power:

(lour) (Vour)
E PL+ (lour) (Vour)

Sources of power loss include the LT1070 quiescent current,
switch driver current, and switch "on" resistance; the output
diode; inductor/transformer winding and core losses; and
snubber dissipation.

L T1 070 Operating Current
The LT1070 draws only 6mA quiescent current in its idle
state, but this is specified with a voltage on the Vc pin such
that the output switch never turns on-duty cycle equals
zero. When the Vc pin is servoed by the feedback loop to ini-
tiate switching, supply current at the input pin increases in
two ways. First, there is a DC increase proportional to Vc pin
voltage. This is the result of increasing bias current for the
switch driver to ensure adequate switch drive at high switch
currents. Second, there is driver current which is "on" only
when the output switch is on. The ratio of switch driver cur·
rent to switch current is ::::1:40. Total average current into the
LT1070 VIN pin is then:

IIN::::6mA + lsw (0.0015 + DC/40)

Isw = switch current
DC = switch duty cycle

Use of this formula requires knowledge of switch duty cycle
and switch current. This information is available in the sec·
tions which deal with each particular switching configura·
tion. A typical example is a buck converter with 28V input and
5V, 4A output. Duty cycle is ::::20%, and switch current is 4A.
This yields a total supply current of:

IIN= 6mA + 4 (0.0015 + (0.2)/40)= 32mA

Total power loss due to bias and driver current is equal to in·
put voltage times current:

Pso = IIN• VIN= (32mA) (28V)= 0.9W

LT1 070 Switch Losses

Switch "on" resistance losses are proportional to the square
of switch current multiplied times duty cycle:

Psw = (Isw)2 • Rsw • DC

Rsw = LT1070 switch "on" resistance

The maximum specified value for Rsw is 0.240 at maximum
rated junction temperature, with 0.150 typical value at room
temperature. If we use the worst·case number of 0.240, this
yields a switch loss in this example of:

Psw = (4)2 (0.24)(0.2)= O.77W

It is pure coincidence that switch and driver losses are nearly
equal in this example. At low switch currents and high input
voltages, Pso dominates, whereas switch losses dominate at
low input voltages and high switch currents.

AC switching losses in the LT1070 are minimal. Rate of
switch current rise and fall is ::::108 Alsec. This reduces
switching times to under 50ns, and makes the AC losses
small compared to DC losses. An exception to this is the AC
switch loss attributable to output diode reverse recovery
time. See Output Diode section.

Output Diode Losses

For low to moderate output voltages, the output diode is of·
ten the major source of power loss. For this reason, Schottky
switching diodes are recommended for minimum forward
voltage and reverse recovery time. Diode losses for most
topologies can be approximated by the following formula, but
please consult the Output Diode section for further details:

Po::::(lour) (Vf) (K) + (V) (0 (trr) (If)

Vf = diode forward voltage atpeak diode current

V = diode reverse voltage

trr = diode reverse recovery time

If = diode forward current at turn·off

K = (1 - V~ur) for buck converters and 1 for most other
IN topologies



Application Note 19

In the buck regulator example, with IOUF 4A, and letting
VI = O.7V,trr = 100ns;

Po=(4)(0.7) (1- i8 ) + (28)(40 x 1(3)(10-7)(4)

= 2.3 + 0.45 = 2.75W

Snubber Losses
See section on flyback design.

Total Losses

In this example of a buck regulator, inductor losses might be
:::::1W, and snubber losses are zero. Total losses therefore are:

EPL = Pao + Psw + Po + + PL+ PSNua

= 0.9 + 0.77 + 2.75+ 1 + 0= 5.42W

Efficiency is equal to:

E = VOUT-lOUT = (5)(4) = 78.7%
EPL + VOUT- lOUT 5.42 + (5)(4)

This number is typical of a fairly high efficiency 5V buck
regulator. The efficiency of 5V switching supplies is lower
than higher voltage outputs because of the high diode losses.
A 15Voutput for instance might have E:::::86%.

rl
OUTPUT I ILs

CAPACITOR I IRS LOAO V OUT

I Ic :J COUT

OUTPUT FILTERS
Output voltage ripple of switching regulators is typically in
the range of tens to hundreds of millivolts if no additional out-
put filter is used. A simple output filter can reduce this ripple
by a factor of ten to one hundred at little additional cost. The
high frequency "spikes" which may be superimposed on the
ripple are attenuated even more.

The presence of high amplitude spikes at the output of
switching regulators is often puzzling to first time designers.
These spikes occur in switching regulators which, by their
topology, cannot use the energy storage inductor as an out-
put filter. These include boost, flyback, and buck/boost de·
signs. The output of these converters can be modeled as a
switched current source driving the output capacitor as
shown in Figure 46.

The output capacitor is shown as COUToIts model includes
parasitic resistance (Rs) and inductance (Ls). It is the induct·
ance which creates the output voltage spike. The amplitude
of this spike can be calculated if the slew rate (dlldT) of the
switch is known. For simple inductor designs operating at full
switch current, dlldT for the LT1070 switch is approximately
108A1sec. Voltage across Ls is;

V = Ls (~~) = Ls(108)

Straight wire has an inductance of about 0.02/lH per inch. If
we assume one inch of wire on each end of the output capac-
itor, including board trace length, this represents 0.04/lH. Al-
lowing an additional 0.02/lH internal inductance, Ls has a
total value of O.06/lH, yielding:

V = (0.06 x 10 -6) (108)= 6V

--,
I

$
I...J
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These spikes are very narrow « 100ns) and are usually at-
tenuated significantly in the wire runs and load bypass
capacitors, but these calculations point out the importance
of short lead lengths on the output capacitor.

Output voltage ripple at the regulator switching frequency is
usually of two types. With boost, flyback, and inverting (buck!
boost) designs, ripple is determined almost totally by the ESR
of the output capacitor (Rs).

The reactance 1/(211"fc),of the capacitor at 40kHz is normally
so low compared to Rs that it can be ignored. The output rip-
ple is therefore a square wave with amplitude Vp-p, and duty
cycle DC. A formula for Vp-p and DC is given in the discus-
sions of these topologies.

The second type of output ripple is triangular. It occurs in
switching regulators which utilize the storage inductor as an
output filter. These include buck converters, forward convert-
ers, and 'Cuk converters. Again, the amplitude of the ripple is
determined by Rs, not C, but the waveform is triangular with
amplitude Vp-p and duty cycle DC.

The attenuation of an output filter with rectangular inputs is:

VOUT(p-p)_ DC (1 - DC) (Rt)-----vp.p - f • L

DC = duty cycle of rectangular inputs (50% = 0.5)

Notice that attenuation is the same for complementary duty
cycles, that is 10% and 90% are equal, and 40% and 60% are
equal. 50% is the point of poorest attenuation. A converter
running at 40% duty cycle with an output filter consisting of a
10/LH inductor and a 200/LF capacitor with Rt = 0.050 would
have a filter attenuation of:

VOUT(p-p) = (0.4)(0.6)(0.05) = 0.03 = 33:1
Vp-p (40 x 103)(10 x 10 -6)

The rectangular input is converted to a triangular output
whose peak·to-peak amplitude is 1/33 of the peak-to-peak in-
put. Harmonics of the switching frequency are reduced much
more; the third harmonic for instance is attenuated 112:1 with
Lt = O.06/LH.There are no second harmonics.

With buck, forward, and 'Cuk converters the ripple voltage
into the filter is already triangular. The output ripple of the fil-

ter is of the form V (t) = mt2. Attenuation ratio is given by:

VOUT(P-P)_ Rt
Vp-p - 8. L. f

For the same conditions of Rt = 0.050, L = 10/LH:

VOUT(p-p) = 0.05 = 0.0156 = 64:1
Vp·p (8)(10 x 10 -6)(40 X 103)

The ripple voltage of these converters is already lower be·
cause of the main inductor filtering, so the output filter induc-
tor can often be only a few /LH to obtain adequate filtering.
The inductor can even be an air core type. A 1/2" diameter,
3/4" long air-wound coil with 13 turns of #16 wire will have an
inductance of 1/LH,giving a 6:1 attenuation with Rt = 0.050.

INPUT AND OUTPUT CAPACITORS
Large electrolytic capacitors used on switching regulators
have several important design considerations. The most im-
portant is usually effective series resistance (ESR). This is
simply the equivalent parasitic resistance in series with the
capacitor leads. At frequencies of 10kHz and above, the total
impedance of the capacitor is almost identically equal to
ESR, and this parasitic resistance limits the filtering effec-
tiveness of the capacitor. The design equations for capaci-
tors used with the LT1070 most often deal simply with ESR;
the actual capacitance value is of secondary importance. The
following formulas are a very rough guide to maximum ESR
vs capacitance for several types of commercially available
switching supply capacitors. ESR changes over temperature
are shown in Figure 47.

'\
\

"'- ~PRAGUE TYPE 6730
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Figure 47. Typical Capacitor ESR vs Temperature
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Sprague type 673D or 674D

ESR= 400x10-6 {l
(C)MO.6

Mallory type VPR

ESR= 200xlO-6 {l
(C)MO.6

Cornell Dubilier Type UFT

ESR- 430x10-6 {l
- (C)MO.25

C = capacitance value

V = rated working voltage

Note that higher voltage ratings yield lower ESR. This is
because higher voltage capacitors are physically larger!
Nothing's free, folks. Common design practice is to parallel
several capacitors to achieve low ESR and acceptable com-
ponent height.

A second consideration in capacitor selection is ripple cur-
rent rating. After a capacitor has been selected, its ripple
current rating should be checked to verify that operating rip-
ple is less than the maximum allowed by the manufacturer.
Keep in mind, however, that ripple current ratings are nor-
mally selected to limit temperature rise in the capacitor.
Power dissipation is given by (IRMS)2x ESR. For ambient
temperatures below the capacitor's maximum rating, it may
be possible to increase ripple current. Consult the capacitor
manufacturer. RMS ripple current in the output capacitor for
boost, buck-boost, and flyback designs can be calculated
from output current and switch duty cycle:

IRMS= lOUTJ DC1-DC

For buck converters, RMS current in the output capacitor is
approximately equal to 0.3LlI,where Lli is the peak-to-peak rip-
ple current in the inductor (continuous mode).

Ripple current in the input capacitor for flyback and buck-
boost designs is:

IRMS= (lOUT)(Vour))1- DC
VIN DC

For buck designs it is:

IRMS= IOUT~DC- (DC)2

and for boost designs; input capacitor ripple current is:

IRMS= 0.3LlI

The inductors and transformers usedwith the LT1070arevery im-
portant to the overall performance of the converter, especially
with respect to parameters such as efficiency, maximum output
power, and overall physical size.The many tradeoffs associated
with the inductance values and the volume of the core requirethe
designer to havea sound basis for selecting the optimum induc-
tor or transformer for each application. Specific guidelines for
inductance values are given in the discussion of suggested ap-
plications elsewhere in this section, but a general understanding
of inductor theory is also needed.

The three important characteristics of a simple two-terminal
inductor used in switching regulators are; inductance value
(L, in henries), maximum energy storage (12 • Ll2, in ergs),
and power loss (watts). Basic definitions of the parameters
which determine these characteristics are shown below.

/l= core permeability. This is basically the increase in in-
ductance which is obtained when the inductor is wound
on a core instead of just air. A/l of 2000,for instance, will
increase inductance by 2000:1.

£= magnetic path length. In a simple toroid this is the aver-
age circumference of the core (see sketch).

A = cross-sectional area of the core (see sketch).
9 = thickness of air gap (if any) used to increase the energy

storage capability of a core (see sketch).
B = magnetic flux density in the core. If B rises too high, the

core will "saturate", allowing /l and therefore L, to drop
drastically.

N = number of turns in the winding
I = instantaneous winding current

Vc = volume of actual core material

In most converter applications, the required inductance is
determined by constraints such as maximum output power,
ripple requirements, input voltage, and transient response. I



is determined by load current. For purposes of this discus·
sion, therefore, it is assumed that L and I are known quanti-
ties, and the quantities to be determined are N, A, £, Ve, and g.

• ! I

Inductance is determined by core permeability, path length,
cross-sectional area, and number of turns:

L= p. - A£- N2 (0.411"X 10 -8) (no gap)

Magnetic flux density is a function of winding current, num·
ber of turns and path length:

I- N- p.B = -£ - (0.411") (no gap)

A properly selected inductor must provide the right value of L
without exceeding the maximum limit on flux density, (BM).ln
other words, the core must not "saturate" under conditions of
peak winding current, Ip. By combining the formulas for in·
ductance and flux density, it can be shown that core volume
(Ve) required is a direct function of the energy to be stored by
the inductor:

Ip2 - Lstored energy = E = -2-

V = A- £ = Ip2 - L - p. - (0.411")= (E) 2jl - (0.411")
e B2 -10-8 B2 -10-8

In any given application, the value of Ip can be determined
from maximum load current and duty cycle. Formulas for
maximum Ip are provided in the individual sections on each
topology.
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In many cases, the maximum load current is much less than
the LT1070 is capable of providing. A core designed to handle
only full load current may saturate under overload or short cir-
cuit conditions. The cycle-by-cycle current limiting of the
LT1070protects the regulator against damage even with satu-
rated cores. This considerably improves the reliability of con-
verters using the LT1070and eases the design complexity.

Although core volume is the main criteria for selecting a given
core, the volume still consists of two variables, A and £. For
minimum overall size of the inductor it is generally best to in-
crease A as much as possible at the expense of £, thereby
minimizing the number of turns required to obtain the desired
inductance. This process can be taken only so far before the
"window" in the core becomes too small to accommodate
the windings.

Cores with Gaps

The energy storage capability of a core can be increased by
"gapping" the core. A significant portion of the total energy is
stored in the air gap. The drawback of a gapped core is that
the effective permeability drops, requiring many more turns
to achieve the required inductance. More turns require a
larger winding window. The overall size of the inductor, how-
ever, can be considerably less with a properly gapped core,
especially with high-permeability core material. The formula
for inductance with a gapped core is:

L= p. - A - N2 (0.411"X 10 -8)

£(1 + 1)
Inductance drops by the factor, (1 + 1).
With a p. of 2000,£ = 2", and g = 0.02", inductance will drop by
22:1, requiring that N be increased by m to maintain con·
stant inductance. Increase in energy storage is equal to the
decrease in permeability.

EMAX(with gap) = 1+ p. - g
EMAX(no gap) £

There are several practical limits on the amount which gap
size may be increased. First, large gaps require many more
turns to achieve the same inductance. This requires smaller



Application Note 19

diameter wire which increases copper losses from 12R heat·
ing. Secondly, with large gaps the effective gap size is con·
siderably less than the actual gap because of fringing fields
around the gap.

When using commercially available cores, data sheet infor·
mation on £, A and Il is usually given in effective values. The
theoretical value of Il, for instance, is the bulk value for the
core material. The effective value for a single piece core may
approach the bulk value, but with two·piece cores, the tiny air
spaces left in the mating surfaces can reduce the effective
permeability by as much as 2:1. This may sound unreason·
ably pessimistic, but a core with bulk Il = 3000, and £ = 1.5",
will lose half its permeability for g = 0.0005". Data sheets for
gapped cores list effective values of Il for each gap size to
make calculations simple. They may also list a parameter,
"inductance per (turn)2" for each gap to further simplify in·
ductance calculations.

There are two types of core material which are effectively self·
gapped; iron powder, and permalloy. These materials distrib·
ute the gap evenly throughout the core, allowing gapless core
to be constructed with much higher energy storage capabil·
ity. The permeability of this material is much reduced, but if
the winding window will accommodate the extra turns, the
current handling capability of the inductor will be much
higher for the same inductance compared to a high'll
formulation.

Iron powder cores are cheaper than ferrite and can be custom
tailored quickly, but high core loss limits their application to
low AC flux density applications such as inductors. A signif·
icant advantage of iron powder is that it saturates very
"softly," preventing catastrophic total loss of inductance for
large over·current conditions. Note that commercially avail·
able powdered iron inductors are typically "optimized" so
that core losses and winding W-R) losses are the same order
of magnitude. Core loss is dependent on peak·to·peak ripple
current which depends on the voltage·time product applied to
the inductor. The inductors are therefore specified for a maxi·
mum DC current and a maximum volt-microsecond product
to limit heating. For applications which require highest pos·
sible efficiency, consider using oversized cores or permalloy,
which is more expensive, but has much lower core loss. Con·
suit with inductor manufacturers about trading off DCcurrent
for ripple current, or vice versa.

Inductor Selection Process

The simplest way to select an inductor is to find an off·the·
shelf unit which meets the minimum inductance and current
requirements. This may not be cost effective, however, if the
standard types are not fairly close to your requirements. The
next best approach is to have the unit custom wound by one
of the many companies in the business. They will select the
best core and winding combination for your particular appli·
cation. A third approach is to scan the literature for standard
core types which you can custom wind to meet your particu·
lar requirement. This is a quick way to get a prototype up and
running. It can also be very cost effective for some production
situations. At the end of this data sheet is a list of core and in·
ductor/transformer manufacturers.

The procedure for selecting a do·it·yourself core starts with
defining the values of peak winding current and inductance. If
the LT1070 is to be used at or near full output power, peak
winding current will approach SA, so a conservative value of
SA should be used for core calculations. If external current
limiting is used or if output power levels are lower, peak
winding currents can be calculated from the equations sup-
plied in the discussions of each topology. Likewise, induc·
tance values are calculated from specific equations in these
sections. Actual values for L generally fall into the range of
50llH to 1000IlH,with 200llH to SOOIlHbeing most typical.

For ferrite cores, the next step is to calculate the core volume
required to prevent saturation:

V
_ Ip2 - L - Jle- (0.47f)- --- ~~-- (ferrite cores)e- B02 -10-8

L = required inductance (henries)
Ip= peak inductor current (amps)
Jle= effective relative permeability } supplied on core
Bo= maximum operating flux density data sheets

(gauss)
Ve= effective core volume

Example; let L = 200llH, Ip= SA,Jle= 100,Bo= 2500 gauss

V = (5)2 - (200x 10 -6)(1oo)(0.47f) = 10cm3
e (2500)2_ 10 - 8

The values chosen for Jleand Bo are typical for a gapped fer·
rite core. Some cores come with several standard gaps.



Others are left ungapped with the user supplying spacers for
setting gap length. Custom gapped cores are also available.
A reasonable place to start is with a gap length of 0.02 inches.
A core with p,= 3000 and path length (£e)of 2 inches would
have an effective permeability of /le = pl(1 + ~/£e) = 30001
(1+ 3000 - 0.0212) = 97. Notice that by simply selecting a large
gap we can arbitrarily reduce the required core volume. The
problem with attempting to use a large gap is that the effec-
tive permeability drops so low that a large number of turns are
required to achieve the desired inductance. This forces the
use of small diameter wire where the copper losses get high
enough to cause overheating of the core.

Powdered iron cores, because of their high core loss, and
ability to operate at very high DC flux densities, generally
have a different design procedure based on temperature rise
due to core loss and Winding 10ss.ACflux densities generally
need to be kept below 400 gauss. This leads to a volume for-
mula based on AC flux density:

V _ (~1)2(L)(p,)(0.41r)
c- 4-(BAc)2(10-8)

~I = peak to peak ripple current

For ~I = 1A, L = 200p,H,p,= 75,and BAC= 300 gauss,

V = (1)2(200x10-6)(75)(0.41r) =5.25cm3
C 4 _ (300)2(10-~

To reduce core size, inductance (L) must be increased. This
seems backwards according to the formula, but ~I is in-
versely proportional to L, so the (~1)2term drops rapidly as Lis
increased, reducing required core volume. The penalty is in-
creased wire (copper) loss due to the increased turns
required.

After a tentative core is selected based on volume, a check
must be done to see if the power losses from the winding(s)
and the core itself are within the allowed limits.

The first step is to calculate the number of turns required:
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N = turns }
£e= effective magnetic path supplied on core

length (cm)
Ae= effective core area (cm2)" data sheets
/le = effective permeability (with gap)

Using the ferrite example, and assigning £e= 9cm, Ae= 1.2cm2,
/le = 100,a2OOp,Hinductor would require:

(200x 10 -6)(9) = 34.6turns (use 35)
(100)(1.2)(0.41rx 10 -8)

To calculate wire size, the usable winding window area (Aw)
must be ascertained from the core dimensions. Many data
sheets list this parameter directly. The usable window area
must allow for bobbin thickness and clearances. Total copper
area is only about 60% of window area due to air gaps around
the wire. We can now express the required wire gauge in
terms of Nand Aw.

Wire gauge (AWG)= 10 (lOg ~:~~ ~~ )

0.08 factor = area of #1gauge wire
0.6 factor = air space loss around wire

If we assume a value for Aw ofO.2in2 and use N = 35:

AWG = 10 log (0.08)(35)= 13.68(use #14)
(0.6)(0.2)

The next step is to determine the number of winding layers.This
is determined by bobbin length,or toroid inside circumference:

(
-AWG )

Layers = N (D+ 0.01) = N 0.32 - 10 20 + 0.01
LB LB

D= wire diameter in inches
LB = bobbin length or toroid inside circumference
0.01= allowance for enamel and spacing

For N = 35,AWG = #14; LB= 0.9"

(
-14 )

Layers = 35 0.32 -10 20 + 0.01 = 2.87
0.9
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The reason for calculating layers is that theAC copper losses
are very dependent on the number of layers in a winding. To
calculate AC losses, a table is used (Figure 48)which requires
a factor K:

K= D.Jf - Fp
D = wire diameter or foil thickness

For foil conductors, Fp is 1. For round wires it is equal to:

Fp= (TL+1)(Ncl(D)
Lw

TL = turns per layer
Nc = number of paralleled conductors (bifilar - Nc = 2)

D = wire diameter
Lw = length of winding (:::::LB)

LAYERS~V ;.- /'

/
2

1/
I 11..---

II / ,/ ...-

~~
,/ /'

~

For 35 turns and 3 layers, TL:::::12. #14 wire has D = 0.064. Nc
for a single wire is 1.With Lw = 0.9";

Fp= (12+ 1)ci.~(0.064)- 0.92

K is now equal to:

K= D.Jf - Fp= 0.064.J(40 x 103)(0.92) = 12.3

This is a very high K factor; in fact it is slightly off the graph in
Figure 48, but for now it illustrates the importance of AC reo
sistance calculations. The various lines on the graph repre·
sent the number of layers. With 3 layers, the AC resistance

factor is off scale at approximately 23. This means that AC reo
sistance is 23 times DC resistance. Now we can calculate
winding losses. DC winding resistance is found from:

N-e AWG_4
Roc= __ m -10 10

12

em = mean turn length (core specification)

For N = 35, em = 2.4", AWG = #14:

AWG 4
Roc = (35)(2.4) - 1010- = O.0176U

12

AC resistance is then DC resistance multiplied by AC
resistance factor (FAd

RAC= Roc - FAC= (0.0176)(23)= 0.404U

To calculate total losses, DC and AC losses are summed:

Pw = (lod2(Roc) + (IAd2(RAd

Formulas for loc and lACare shown in Figure 50. If we assume
loc = 5A, and lAC= 1A, total Winding losses are:

Pw = (5)2(0.0176)+ (1)2(0.404)= 0.44 + 0.4 = 0.94W

In this example, AC losses are about equal to DC losses. Sim·
pie inductors used in buck, boost, and buck/boost designs
may have the ratio of AC to DC losses in the range of 0.25 to
4.0. Transformer designs like flyback usually have AC losses
much higher than DC losses. Losses in the primary and sec-
ondary are calculated separately. In many cases, multiple
strands of smaller wire or copper foil must be used to reduce
the AC resistance factor to acceptable limits.

After winding losses are found, core loss must be calculated.
The first step is to find peakACflux density:

BAC= L(,:ll)
2N - Ae-10-8

.::\1= peak·to·peak winding ripple current

.::\1is the ripple current in the winding. It is the change in
winding current during the time current is flowing in the
winding. For L= 200/LH,.::\1= 2A, N = 35, and Ae = 1.2cm2:

BAC= (200x 10-6)(2) = 476 gauss
(35)(1.2)(10 - 8)



Core loss per unit volume (FIe)is found from the manufactur-
ers tables (see Figure 49) of FIe versus flux density and fre-
quency or from the following formula for typical MNZNferrite
material (ferroxcube type 3GB):

FIe= (1.3-10 -14)(BAcl2 • f1.45

For BAC= 476 gauss, f = 40kHz:
Ffe= (1.3x 10 -14) (476)2(40X 103)1.45= 0.014W/cm3

Total core loss is FIetimes core volume:

Pc= FIe· Ve= (0.014)(10)= 0.14W

Ve= effective core volume (cm3)

Core loss for a powdered iron core is approximately 25 times
higher than for ferrite. At a lower flux density of 150 gauss, a
powdered iron core would still have core losses 2.5 times that
of ferrite. Copper losses would also be higher because of the
higher inductance required to reduce AC flux density. Pow·
dered iron cores must be carefully designed to avoid over-
heating.

",'00
§

l
~
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Overall losses in the ferrite core are the sum of winding
losses plus core losses:

P= Pw+ Pc=0.94+0.14= 1.08W

This loss reflects on regulator efficiency, and more impor-
tantly, core temperature rise. A 10cm3 core might have a typ-
ical thermal resistance of 20°CIW. Temperature rise in this
core with P= l.08W = (1.08) (20)= 21.6°C. 40°C rise is con·
sidered a typical design criteria, so this core is being under
utilized.

Transformer Design Example

Requirements: A flyback converter with VIN= 28VDC,
VOUT= 5V, lOUT= 6A. From previous calculations it is found
that N = 1/3, LpRI= 200/lH, and IPRI(peak)= 4.5A,with iii = 1A.

1. Calculate volume of core required with a gapped core.
First assume an effective permeability of "" 150, and
Bo= 2500gauss:

Ve= (IPRI)2• L • lie (0.411")
(Bo)2 .10-8

= (4.5)2• (200x 10 -6)(150)(0.411")= 12cm3
(2500)2• 10-8

A Pulse Engineering core #0128.005 has Ve= 13.3cm3,
Ae= 1.61cm2, Re = 8.26cm,/l= 2000.

2. Calculate required gap:

Re (-.L -1)
g= lie

/l

(8.26) (2000 -1)
= 2~~ = 0.051cm = 0.02"

If an ungapped core is used with spacers, spacer thick-
ness should be 0.0212= 0.01".

3. Calculate required turns:

N = L .Re
lie • Ae • (0.411"X 10 -8)

(200x 10 -6)(8.26)
8 =23.3

(150)(1.61)(0.411"x 10 - )
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4. Calculate wire size. Allocate 1/2 the window space for the
primary winding. Window height (build) for the 0128.005
core is 0.25" and coil length is 0.782", giving a window
area = (0.25) (0.782) = 0.196in2:

AWG = 10 log 0.08N -10 log (0.08)(23)
0.6-Aw (0.6) (0'196)

= 14.95 (use #16)

5. Calculate layers:

(
-AWG )

Layers= N 0.32 -10 20 +0.01

_1231 (0.32. ~ ~6 + 0.01)
- 0.782

= 1.79 (assume 2 layers)

6. Calculate K factor (#16 wire has D = 0.05):

F _ (TL + 1)(Nc) (D) _ (22
3

+ 1) (1)(0.05) _
p- Lw - 0.782 -0.8

K = D"'f - Fp = 0.05"'(40 x 103) (0.8) = 8.94

Roc = N - em _ 10~A~G- ~= (23)(3) - 10(~ - 4t 00230
12 12'

(em for this core is '" 3")

8. Use graph to find AC resistance factor. Interleaving of
primary and secondary reduces effective layers by two
only if primary and secondary conduct simultaneously,
which they do not in a flyback design. Use layers = 2line:

FAC= 8.3 (from graph, for K = 8.95)

9. Calculate AC winding resistance:

RAC= Roc - FAC= (0.023) (8.3) = 0.190

10. Calculate primary winding losses.

First, primary AC RMS current must be calculated. From
the chart in Figure 50:

lAC = lOUT N - VOUT
E VIN

=_6_ !1i3~= 1 95A
0.75 V28 .

I _lOUT VOUT (VOUT + N - VIN)
OC-T (VIN)2

= _6_ 5(5 + 1/3 - 28) = 2.4A
0.75 (28)2

Pw = (lAc)2 RAC+ (Ioc) 2 Roc
= (1.95)2 (0.19) + (2.4)2 (0.023) = 0.85W

11. Calculate secondary winding loss.

Turns ratio is 1/3, so the secondary will have 23/3 = 7.67
turns. Use 8 turns:

AWG = 10 log 0.08N = 10 log (0.08)(8) = 10.4
0.6Aw (0.6) (0'196)

This is rather large, stiff wire and the large diameter will
lead to large AC winding losses. A good solution might be
to use multiple smaller diameter wire wound in parallel. If
we use the length of the coil divided by 2N, it will tell us
what diameter wire can be bifilar wound to just fill one
layer:

D = --':L = 0.782 = 0 049"
2N (2)(8) .

The next smallest standard wire diameter is #18. Two #18
wires have three times the DC resistance of a single #10
wire, but AC resistance will not increase nearly that
much. Assume one layer bifilar wound #18 secondary in·
terleaved between the two primary layers (to reduce leak·
age inductance).



Application Note 19

N e, AWG 4 j 18 4
RDC=(~-101O- =1 8-3 -1016-

. 12 \ 12

= 0.013!lperwire

With 2 wires, total Roc = 0.013/2 = 0.0065!l.

From the chart in Figure 50:

VOUT =6 ~=4.4A
N-VIN V 1/3-28

VOUT+ N - VIN
N - VIN

Fp = (TL + 1)(NC)(O) = (8 + 1)(2)(0.04) - 0.92
Lw 0.782

K = ovr;Fp = 0.04~(40 x 103)(0.92) = 7.7

From graph, with layers = 1, FAC = 2.3:

RAC= RDC- FAC= (0.0065) (2.3) = 0.015!l

Topology DC Primary I AC Primary I DC Secondary I AC Secondary I

Flyback Vo(Vo+ N - Vi) VN-VO VO+N-Vi 1*(Vi)2 E Vi ~ 10 N -Vi

Buck 10 (0.29)(111) NA NA

Current Vo[Vo+ N(Vi- yo)] N - VO(Vi- Vol (V,- Vo)[Vo+ N(Vi- yo)]Boosted
Buck (Vi)2 (Vi)2 N(Vi)2

Boost
lo(~)

(0.29)(111) NA

Voltage

lo(~)
YO-ViBoosted

Boost V;(N+1)

Current (Vo- Vi)[Vo+ Vi(N+ 1)] Vo+Vi(N+1)
fiV~Boosted

10 N - ViBoost (Vi)2 N - Vi

Buck-Boost
10 (1+~)

(0.29)(111) NA NA
(Inverting)

Forward

~
Vo(N - Vi - Vol pi; Vo(N - Vi - Vol

10 -Vi- (Vi)2 lo~ (N - Vi)2

'Cuk
lo(~)

"0" or (0.29111) 10 "0" or (0.29111)

10 = DC output current
Vo = DC output voltage
Vi = DC input voltage
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12. Calculate core loss.

Core loss is proportional to AC flux density which is
determined by change in primary current (Ill) during
primary current flow period. For III = 1A:

B = L(IlI) = (200x 10-6)(1) = 270gauss
AC 2eNeAee10 -8 2(23)(1.61)e10-8

Ffe= (1.3x 10-14)(BAc)2e f1.45=0.0045W/cm3

Pc= F'ee Ve= (0.0045)(13.3)= O.06W

Total powerlosswith this coreis:

P= Pw + Pc= 0.85+0.65+0.06= 1.fiYN

The0128.005coreis specifiedat2.78Wfor a40°C
temperaturerise,yielding8 = 4012.78 = 14.4°CNV

IlT(core)= Pe 8 = (1.56)(14.4)= 22°C

This is a very conservativedesign. If minimum core size is
required, the procedure now is to go back to step 1 and
assumea lowereffectivepermeability(Pel, perhaps100.This
would reduce core volume and require a larger gap. More
tums would be requiredand the availablespace for copper
would go down,so copper losseswould go up. Flux density
remains constant, so core loss drops. Thermal resistance
goesup however,so the smallercoregets hotter.Inaddition,
the increasednumberof turns will increase leakageindue·
tance,whichwill increasesnubberlosses.It isn't easyfolks!

HEATSINKING INFORMATION

The efficiency of the LT1070allows it to be used without a
heatsink in many applications, but for full·power output a
heatsink is required. The equations contained in the effi·
ciency section of this data sheet will allow the user to esti·
mate fairly accurately the total power dissipation of the
chip under full load conditions. Short·circuit power dis-
sipation can be either more or less than full load, de·
pending on the topology. Calculation of short circuit
power dissipation in the LT1070 is very complicated be·
cause the "on" time of the switch is strongly dependent
on parasitic effects such as diode and inductor series
resistance, wiring losses, and leakage inductance. If
continuous output shorts must be tolerated, it is strongly
suggested that a temperature probe be used to ensure
that maximum junction is not exceeded. Thermal reo

sistance from junction to case is 2°CIW maximum, and
short circuit power dissipation almost never exceeds 10W,
so a case temperature of 100°C for commercial units and
130°C for military units will ensure that maximum junction
temperature is not exceeded.

Heat sink size for the LT1070 can be calculated if maxi-
mum power dissipation and maximum ambient tempera-
ture are known.

8HS= _TJ_-_TA_-_(P_)(8_J_cl
P

8HS= heat sink thermal resistance
P= LT1070power dissipation
8JC= LT1070junction·to·case thermal resistance (2°CIW)
TJ= LT1070maximum junction temperature
TA = maximum ambient temperature

For TJ= 100°C, TA = 60°C, P= 5W;

8HS= 100- 60 - (5)(2) = 60CIW
5

TROUBLE SHOOTING HINTS

The following is a list of "gotchas" we've put together to
help you avoid some of the pitfalls of switching power sup·
ply design. They range from obvious to subtle and serious
to hilarious. The LT1070was specifically designed to elim·
inate many of the problems commonly found in power sup-
ply design and be easy to use. The problem is that there
are a significant number of easily overlooked mistakes in
breadboarding switching regulators which result in either
instant death of the IC or electrical characteristics which
are pUZZlingto even highly experienced power supply de-
signers. So here's the list we've collected so far. We hope
your problem is on it to save you time and frustration. If
not, give us a call and we'll help fix the problem.

Before reading this section, be aware that the intent of the
author is not to insult, but rather to relate in an attention-
getting manner a list of goofs that, in many cases, he per·
sonally has had to own up to.

1. Transformer Wired Backwards
Those dots indicate polarity, not smashed flies.



2. Electrolytic Capacitors Installed Backwards
This is no problem until you bend over to see what is
wrong-then "bang", a personal demonstration of ex-
plosive venting.

3. LT1070 Input and Switch Pins Reversed
The catalog and some preliminary datasheets got out
with the wrong pinout for the plastic TO·220 package.
Our apologies. Pin 5 is input on TO·220packages.

4. No Input Bypass Capacitor
Switching regulators draw current from the input sup·
ply in pulses. Long input wires can cause dips in the
input voltage at the switching frequency. Breadboards
should have a large (~100pF) input capacitor up close
to the regulator.

5. Fred's Inductor (Or Transformer)
Inductors are not like lawn mowers. If you want to bor·
row the one out of Fred's drawer, make sure it's the
right value for your application.

A 50JlH inductor with 50V applied will have a current
increasing with time at the rate of 1 amp per microsec·
ond. It doesn't take a calculator to see that things can
get out of hand quickly during the 25Jls period of a
40kHz switcher. Likewise, if "Fred's inductor" is 50
millihenries, it will probably saturate at such low cur-
rent levels that it is useless, not to mention the fact
that the transient response can be measured on a
Simpson YOM. Use the formulas in the application
note to get a ball park inductance value before start-
ing a breadboard.

6. Wimpy Magnetic Cores
Core sizes for the LT1070 will vary from 3-20 cubic
centimeters of core material for properly designed in-
ductors or transformers. A thumbnail size core will
simply saturate and get hot when asked to operate at
ampere current levels. Breadboard with man-sized
cores, then optimize the core size for production.

7. Rats Nest Wiring
The LT1070 is not a jelly bean op amp that can be
wired up with two·foot clip leads. It achieves its high
efficiency by switching current at very high speeds.
Long wires will cause every component connected to
them to look like an inductor at these speeds. This not
only causes totally unpredictable operation; it can
generate fatal (to components) transient voltages. Use
veryshort wires to interconnect power components on
the breadboard, including bypass capacitors, catch
diodes, LT1070pins, transformer leads, etc.

8. No Snubber Network
The LT1070 will tolerate a lot of abuse, but it cannot be
over·voltaged on the switch pin and survive to tell the
tale. The 65V maximum switch voltage must be ob-
served. Any design using a transformer or tapped in-
ductor will have enough leakage inductance to cause
transients well above 65V if no snubber network is
used. Load currents and input voltages should be in-
creased slowly while monitoring switch voltage to en-
sure that the initial snubber design is adequate.

9. 60Hz Diodes
The LT1070 will eat 1N914 and 1N4001 diodes, and not
even burp. Diode currents, especially during startup,
can exceed 5 amps. This takes care of the 1N914's.
The 1N4001 's will last for a little while, until the heat
generated by their horribly slow turn-off charac-
teristics causes them to self-destruct. Use diodes
designed for switching applications, with adequate
current ratings. Turn-ontime is also important to avoid
overvoltage stress on other components. (See diode
section.)

10. Something from Nothing
The first step in designing with the LT1070 is to see if
it will provide the required power level. Each topology
has a different maximum output power that it can
provide, depending on things such as input voltage,
output voltage, and transformer turns ratio. Secondary
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effects such as inductance values and switch resis-
tance may also limit power. The power graph on page
10 is a rough guide to maximum power levels. Use it as
a quick guide only. More exact formulas are contained
in the application section. Oh by the way, if you
thought about paralleling lT1070's for more power-
sorry it won't work. You can't get to the internal 40kHz
oscillator to get them in sync.

11. Input Supply Gets Clobbered
The lT1070 can draw input currents of up to 6 amps
during startup. It has to charge up the large output
capacitor and it does this at a rate set by the internal
current limit unless optional soft start is added. The
start-up surge may trip over-current latches on some
supplies, causing them to stay off until power is
recycled.

Steady-state problems can also occur. Switching
regulators try to deliver constant load voltage. With a
given load, this means constant load power. For a
high efficiency system, input power also remains con-
stant, so input current increases as input voltage de-
creases. Low input voltage conditions may require
such high input currents that the input supply current
limits. This causes the supply voltage to drop further,
forcing a permanent latch condition. See current limit
and soft start sections.

12. Didn't Read the Datasheet
Then you shall have no pie.

13. Stray Coupling to the Vc or FB Pins
Voltages on the FB and Vc pin are referenced to the
lT1070 ground pin. In some topologies the ground pin
is switching between input voltage and system
ground. Stray capacitance between Vc or FB pins and
system ground will act like coupling to a switching

source. Minimize this capacitance. The problem is
particularly acute when using an RC box to iterate fre-
quency compensation on the Vc pin. Even configura-
tions which have the lT1070 ground pin "grounded"
may have problems if the RC box picks up switching
energy.

SUBHARMONIC OSCillATIONS

Current mode SWitching regulators which operate with a
duty cycle greater than 50% and have continuous inductor
current can exhibit a duty cycle instability known as sub·
harmonic oscillations. This effect is not harmful to the
regulator and in many cases it does not even affect the
output regulation. Its most annoying effect is to produce a
high-pitched squeal from power components which ef-
fectively have their 40kHz operating frequency modulated
by submultiple frequencies; 20kHz, 10kHz, etc. Subhar-
monic oscillations do not depend on the closed loop
characteristics of the regulator. They can occur even when
zero feedback is used. Ordinary closed loop instabilities
can also cause audible sounds from switching regulators,
but they tend to be in the range of hundreds of hertz to
several kilohertz.

The source of subharmonic oscillations is the simul-
taneous conditions of fixed frequency and fixed peak am-
plitude of inductor current as shown in part a of the
accompanying figure.

I---OSCILLATOR-I
I PERIOO I



The inductor current starts at 11, at the beginning of each
switch on cycle. Current increases at a rate (51) equal to
input voltage divided by inductor value. When current
reaches the trip level, 12, the current mode loop shuts off
the switch and current begins to fall at a rate 52 until the
switch is again turned on by the oscillator. Now watch
what happens when the point T1 is perturbed so that the
current exceeds 12 by ~1. The time left for the current to fall
is reduced so that the minimum current point is increased
by ~l H152/51. This will cause the minimum current on
the next cycle to decrease by (~l + ~l 52/51) (52/51). On
each succeeding cycle the current perturbation is multi·
plied by 52151. If 52/51 is greater than 1, the system is un·
stable. The condition 52/51 ~ 1 occurs at a duty cycle of
50% or higher.

5ubharmonic oscillations can be eliminated if an artificial
ramp is superimposed on the inductor current waveform
as shown in part b of the figure. If this ramp has a slope of
5x, the requirement for stability is that 5x + 51 be larger
than 52. This leads to the following equation:
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5x~ 51 ~2~~C 1) DC = duty cycle

For duty cycles less than 50% (DC = 0.5), 5x is a negative
number and is not required. For larger duty cycles, 5x
takes on values dependent on 51 and duty cycle. 51 is sim-
ply VIN/L. This yields an equation for the minimum value of
inductance for a fixed value of 5x;

L >VIN(2DC-1)
MIN- 5x(1- DC)

The LT1070 has an internal 5x voltage ramp fed into the
current amplifier whose equivalent current referred value
is 2 x 105 A/sec. A sample calculation for minimum induc·
tance with VIN= 15V, DC = 60% is shown

L - (15)(2-0.6-1) -375H
MIN- (2x105)(1-0.6) - . iL

Remember that for discontinuous operation, no subhar·
monic oscillations can occur. Likewise, with duty cycle
less than 50%, there is no restriction on inductor size.
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Supply Voltage
LT1070171 HV (See Note 1) 60V
LT1070171 (See Note 1) 40V

Switch Output Voltage
LT1070171 HV 75V
LT1070171 65V

Feedback Pin Voltage (Transient, 1ms) ± 15V
Operating Junction Temperature Range

LT1070171 HVM, LT1070171M - 55°e to + 150°C
LT1070171HVC, LT1070171C (OpeL) ooe to + 1000e
LT1070171 HVe, LT1070171C (Sh. Ckt.) O°C to + 125°e

Storage Temperature Range - 65°e to + 1500e
Lead Temperature (Soldering, 10sec) 300°C

Nole 1: Minimum switch "on" time for the LT1070/LT1 071 in currenllimit is
~ 1.0~sec. This limits the maximum input voltage during short circuit
conditions, in the buck and inverting modes only, to ~ 35V. Normal
(unshorted) conditions are not affected. Mask changes are being imple-
mented which will reduce minimum "on" time to "l~sec, increasing
maximum short circuit input voltage above 40V. If the present LT10701
LT1071 (contact factory for package date code) is being operated in the
buck or inverting mode at high input voltages and short circuit conditions
are expected, a resistor must be placed in series with the inductor, as
follows:

PACKAGE/ORDER InFORmATiOn
ORDER PARTiNUMBER

LT1070/LT1071 HVMK
LT1070/LT1071MK

LT1070/L T1071HVeK
LT1070/LT1071CK

LT1070/L T1071HVCT
LT1070/LT1071CT

The value of the resistor is given by:
t· f· V1N - Vf

R=----RL
I(LlMIT)

t = Minimum "on" time of LT1070/LT1071 in current limit, ~ 1~s
f = Operating frequency (40kHz)
Vf = Forward voltage of external catch diode at I(LlMIT)
IILlMIT)=Current limit of LT1070 (~8A), LT1071 (~4A)
RL= Internal series resistance of inductor

ELECTRICAL CHARACTERISTICS
Unless otherwise specified, VIN = 15V, Vc = O.5V, VFB = VREF, output pin open.
SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
VREF Reference Voltage Measured at Feedback Pin 1.224 1.244 1.264 V

• 1.214 1.244 1.274
IB Feedback Input Current VFB=VREF 350 750 nA

• 1100
gm Error Amplifier 61c= ±25~A 3000 4400 6000 ~mho

Transconductance • 2400 7000
Error Amplifier Source or Vc= 1.5V 150 200 350 ~A
Sink Current • 120 400 ~A
Error Amplifier Clamp Hi Clamp, VFB= 1V 1.8 2.3 V
Voltage LoClamp, VFB= 1.5V 0.25 0.38 0.52 V
Reference Voltage Line 3V "V1N "VMAX • 0.03 'ioN"
Regulation

Av Error Amplifier Voltage 0.7V"Vc,,1.4V 500 800 2000 VN
Gain
Minimum Input Voltage • 2.6 3.0 V

10 Supply Current 3V <V1N <VMAX,Vc= 0.6V 6 9 mA
Control Pin Threshold Duty Cycle = 0 0.8 0.9 1.08 V

• 0.6 1.25
NormalfFlyback Threshold 0.4 0.45 0.54 V
on Feedback Pin

VFB Flyback Reference Voltage IFB=50~A 15 16.3 17.6 V• 14 18



ELECTRICAL CHARACTERISTICS
Unless otherwise specified, VIN = 15V, Vc = O.5V, VFB = VREF, output pin open.

Application Note 19

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
VFB Change in Flyback 0.05~IFB~1mA 4.5 6.8 8.5 V

Reference Voltage
Flyback Reference Voltage IFB= 5O,JI 0.Q1 0.03 %N
Line Regulation 3V <VIN<VMAX
Flyback Amplifier <1lc= ±10~A 150 300 500 ~mho
Transconductance (gm)
Flyback Amplifier Source Vc= 1.5V Source • 15 32 70 ,JI
and Sink Current IFB= 5O,JI Sink • 25 40 70 ,JI

BV Output Switch Breakdown 3V~VIN~VMAX LT1070/L T1071 • 65 90 V
Voltage Isw=5mA LT1070HVILT1071 HV • 75 90 V

VSAT Output Switch (Note 1) LT1070 • 0.15 0.24 0
"On" Resistance LT1071 • 0.3 0.5 0
Control Voltage to Switch LT1070 8 AN
Current Transconductance LT1071 4 AN

ILiM Switch Current Limit (LT1070) Duty Cycle",50% Tj~25°C • 5 10 A
DutyCycle~50% Tj<25°C • 5 11 A
Duty Cycle = 80% (Note 2) • 4 10 A

ILiM Switch Current Limit (LT1071) Duty Cycle~5O% Ti~25°C • 2.5 5 A
Duty Cycle ~5O% Ti<25°C • 2.5 5.5 A
Duty Cycle = 80% (Note 2) • 2 5 A

<1IIN Supply Current Increase 25 35 mAlA
<1lsw During Switch On·Time

f Switching Frequency 35 40 45 kHz• 33 47
DC (max) Maximum Switch Duty Cycie 90 92 97 %

Flyback Sense Delay Time 1.5 ~s
Shutdown Mode 3V~VIN~VMAX 100 250 ,J\
Supply Current Vc=0.05V
Shutdown Mode 3V~VIN~VMAX 100 150 250 mV
Threshold Voltage • 50 300 mV

The. denotes the specifications which apply over the full operating
temperature range.
Note 1: Measured with Vc in hi clamp, VFB= 0.8V.lsw = 4A for LT1070 and
2A for LT1071.

Note 2: For duty cycles (DC) between 50% and 80%, minimum guaranteed
switch current is given by ILiM= 3.33 (2 - DC) for the LT1070 and ILiM= 1.67
(2 - DC) for the LT1071.

TYPICAL PERFORmAnCE CHARACTERISTICS
Switch Current Limit vs Duty Cycle Maximum Duty Cycle

ffi %
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Minimum Input Voltage
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INDUCTORfTRANSFORMER MANUFACTURERS
Pulse Engineering Inc. (619/268·2400)
P.O. Box 12235, San Diego, CA 92112
Hurricane Electronics Lab (801/635·2003)
P.O. Box 1280, Hurricane, UT 84737
Coilcraft Inc. (312/639·2361)
1102 Silver Lake Rd., Cary, IL 60013
Renco Electronics, Inc. (516/586·5566)
60 Jefryn Blvd. East, Deer Park, NY 11729

CORE MANUFACTURERS
Ferroxcube (ferrites) (914/246·2811)
5083 Kings Highway, Saugerties, NY 12477
Micrometals (powdered iron) (714/630·7420)
1190 N. Hawk Circle, Anaheim, CA 92807
Pyroferric International Inc. (powdered iron) (217/849·3300)
200G Madison St., Toledo, IL 62468
Fair·Rite Products Corp. (ferrites) (914/895·2055)
P.O. Box J, Wallkill, NY 12589
Stackpole Corp., Ferrite Products Group (814/781·1234)
Stackpole St., St. Mary's, PA 15857
Magnetics Division-Spang & Co. (ferrites) (412/282·8282)
P.O. Box 391, Butler, PA 16003

TDK Corp. of America, Industrial Ferrite Products
(312/679·8200) 4709 W. Golf Rd., Skokie, IL 60076

Pressman, A.I., "Switching and Linear Power Supply,
Power Converter Design", Hayden Book Co., Hasbrouck
Heights, New Jersey, 1977, ISBN 0·8104·5847-0.
Chryssis, G., "High Frequency Switching Power Supplies,
Theory and Design", McGraw Hill, New York, 1984, ISBN
0-07-010949·4.
Grossner, N.R., "Transformers for Electronic Circuits",
McGraw Hill, New York, 1983, ISBN 0·07·024979-2.
Middlebrook, R.D., and 'Cuk, S., "Advances in Switched
Mode Power Conversion", Volumes I, II, III, TESLA Co.,
Pasadena, Calif., 1983.
Proceedings of Powercon, Power Concepts, Inc., Box
5226, Ventura, Calif.
"Linear Ferrite Magnetic Design Manual", Ferroxcube
Inc., Saugerties, New York.
"Design Manual for SMPS Power Transformers", Pulse
Engineering Inc., San Diego, Calif.

TO·3 Type Metal Can (Steel)
K Package

TO·220 Type Plastic
T Package



Application Considerations for an
Instrumentation Lowpass Filter
Nella Sevastapaulas

Description

The LTC1062 is a versatile, DC accurate, instrumentation
low pass filter with gain and phase that closely approxi·
mate a 5th order Butterworth filter. The LTC1062 is quite
different from presently available lowpass switched
capacitor filters because it uses an external (R, C) to iso·
late the IC from the input signal DC path, thus providing
DC accuracy. Figure 1 illustrates the architecture of the
circuit. The output voltage is sensed through an internal
buffer, then applied to an internal switched capacitor net·
work which drives the bottom plate of an external capaci·
tor to form an input-to-output 5th order lowpass filter. The
input and output appear across an external resistor and
the IC part of the overall filter handles only the AC path of
the signal. A buffered output is also provided (Figure 1)
and its maximum guaranteed offset voltage over tempera-
ture is 20mV. Typically the buffered output offset is 0-5mV
and drift is 1/lV/oC. As will be explained later, the use of an
input (R, C) provides other advantages, namely lower noise
and anti aliasing.

Tuning the LTC1 062

Choosing the external (R, C)

In Figure 1, the filter function is formed by using an ex·
ternal (R, C) to place the LTC1062 inside an AC loop. Be·

AGND
.,rill
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cause of this, the value of the (R x C) product is critically
related to the filter passband flatness and to the filter sta-
bility. The internal circuitry of the LTC1062 is driven by a
clock which also determines the filter cutoff frequency.
For a maximally flat amplitude response, the clock should
be 100 times the desired cutoff frequency and the (R, C)
should be chosen such as:

fe1 fe--<---<-~
1.62 - 211"RC - 1.63

where

fe = filter cutoff frequency, (- 3dB point).

For instance, to make a maximally flat filter with a - 3dB
frequency at 10Hz, we need a 100 x 10Hz= 1kHz internal or
external clock and an external (R, C) such as:

1 = 10Hz =6.17Hz.
211"RC 1.62

The minimum value of the resistor, R, depends upon the
maximum signal we want to attenuate, and the current
sinking capability of Pin 1 which is typically 1mA. The
10Hz filter of the previous example should attenuate a
40Hz signal by 60dB. If the instantaneous amplitude of
this signal is 1V peak, the minimum value of the external
resistor should be 1kO.

Figure 1. LTC1 062 Architecture
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Figure 2 shows the high accuracy of the passband re-
sponse for values of 1/211"RCaround (fc/1.62). If maximum
flatness is required, the (Rx C) product should be well
controlled. Figures 3 and 4 are similar to Figure 2 but with
wider range of (1/211"RC)values. When the input (R, C) cut·
off frequency approaches the cutoff frequency of the
filter, the filter peaks and the circuit may become os-
cillatory. This can accidentally happen when using input
ceramic capacitors with strong negative temperature
coefficient. As the temperature increases, the value of the
external capacitor decreases and if the clock driving the
LTC1062 stays constant, the resulting (1/211"RC)ap-
proaches the filter cutoff frequency. On the other hand, if
the external (Rx C) has a strong positive temperature
coefficient, the filter passband at high temperatures will
become droopy. It is important to note that the filter at·
tenuation slope is mainly set by the internal LTC1062cir·
cuitry and it is quasi·independent from the values of the
external (R, C). This is shown in Figure 4, where a 100Hz
cutoff frequency LTC1062 was tested with an external
10kHzclock and for:

_fc_ < 1 < _fc_
3.24 - 211"RC - 1.13

I ~~~
1--_1_=~~2rllC 1.6f' I>t"\2~RC 1.62 ...,

1\f I /
_1~=--,,-
2~RC 16~

I
Vs=±5V
TA=25°C
feLK = 100kHz
MYLARINPUTCAPACITOR

Figure 2. Passband Gain vs
Input Frequency

Also, Figure 4 shows that the - 30dB/octave slope
remains constant even though the external (Rx C)
changes.

LTC1062Clock Requirements

Using an external clock: the internal switched capacitor
network is clock driven and the clock frequency should be
100 times the desired filter cutoff frequency. Pin 5 of the
LTC1062is the clock input and an external clock swinging
close to the LTC1062power supplies will provide the clock
requirements for the internal circuitry. The typical logic
threshold levels of Pin 5 are the following:

V SUPPLY vlt1+ VIt1-

±2.5V +O.9V -1V
±5V +1.3V -2.1V
±6V + 1.7V -2.5V
±7V + 1.75V -2.9V
±8V +1.95V -3.3V
±9V +2.15V -3.7V

The temperature coefficient of the threshold levels is
-1mV/oC.

6

5

4

3
'"~ 2
z

~ 1
5 0
> -1

-2
-3
-4
-5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
f'Nlfe

Figure 3. Passband Gain vs
Input Frequency

~ -30
z

~-40

§-50
>

Figure 4. Filter Frequency
Response for Various (R,C)
Values and Constant Clock



Because the trip levels of Pin 5 are asymmetrically cen-
tered around ground and because (Vth + - Vth -) is less
than the positive supply voltage V +, CMOS level clocks
operating from V+ and ground can be AC coupled into
Pin 5 and drive the IC, Figure 5A.

Internal Oscillator

A simple oscillator is internally provided and it is overriden
when an external clock is applied to Pin 5. The internal os-
cillator can be used for applications for clock requirements
below 130kHz and where maximum passband flatness over a
wide temperature range is not required. The internal oscilla-
tor can be tuned for frequencies below 130kHz by connecting
an external capacitor, Cosc, from Pin 5 to ground (or negative
supply). Under this condition, the clock frequency can be
calculated by:

fClK'" 130kHz ( 33pF )
33pF + COSC

Due to process tolerances, the internal 130kHz frequency
varies and also has a negative temperature coefficient.
The LTC1062 data sheet publishes curves characterizing
the internal oscillator. To tune the frequency of the in·
ternal oscillator to a precise value, it is necessary to
adjust the value of the external capacitor, Cosc, or to use a
potentiometer in series with the COSC,Figure 5B. The new

Figure 5A. AC Coupling an External CMOS Clock Powered
from a Single Positive Supply, V + .

Application Note 20

clock frequency, f' ClK, can be calculated by:

flClK= fClK (2)
(1 - 4 R COSCfClKl

where fClK is the value of the clock frequency, when R = 0,
from (1). When an external resistor (potentiometer) is used,
the new value of the clock frequency is always higher than
the one calculated in (1). To achieve a wide tuning range,
calculate from (1) the ideal (fClK, COSC) pair, then double
the value of Casc and use a 50k potentiometer to adjust
f' ClK.

Example: To obtain a 1kHz clock frequency, from (1) COSC
typically should be 4250pF. By using 8500pF for Casc and
a 50k potentiometer, the clock frequency can be adjusted
from 500Hz to 3.3kHz as calculated by (2).

The internal oscillator frequency can be measured directly
at Pin 5 by using a low capacitance probe.

Clock Feedthrough

Clock feedthrough is defined as the amount of clock fre-
quency appearing at the output of the filter. With ± 5V
supplies the measured clock feedthrough was 420jLVRMS,
while with ± 7.5V supplies it increased to 520jLVRMS.The
clock feedthrough can be eliminated by using an (R, C) at
the buffered output, Pin 8, provided that this pin is used as
an output. If an external op amp is used to buffer the DC

Case
Tv-

Figure 58. Adding a Resistor in Series with Cose to Adjust
the Internal Clock Frequency
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accurate output of the LTC1062, an input (R, C) can be
used to eliminate the clock feedthrough, Figure 6, and to
further increase the attenuation floor of the filter. Note
that this (R, C) does not really improve the noise floor of
the circuit since the major noise components are located
near the filter cutoff frequency.

Single 5V Supply Operation

Figure 7 shows the LTC1062operating with a single sup·
ply. The analog ground, Pin 2, as well as the buffer input,
Pin 7, should be biased at 1/2 supply. The value of resis-
tors R1 should conduct 100llA or more. In Figure 7, the
resistor R' DC biases the buffer and the capacitor C I iso·
lates the buffer bias from the DC value of the output. Un·
der these conditions the external (R,C)should be adjusted
such that (1/21rRC) = fc 11.84. This accounts for the extra
AC loading of the (R', C/) combination.

The resistor and capacitor (R/, C/) are not needed if the in·
put voltage has a DCvalue around 1/2 supply.

If an external capacitor is used to activate the internal os-
cillator, its bottom plate should be tied to system ground.

Dynamic Range and SignallNoise Ratio

There is some confusion with these two terminologies. Be-
cause monolithic switched capacitor filters are inherently
more noisy than (R,C)active filters, it is necessary to take
a hard look at the way some IC manufacturers describe
the SIN ratio of their circuit. For instance, when dividing
the filter's typical RMS swing by its wideband noise, the
result is called "best·case" SIN ratio. But this is definitely
not "dynamic range". Under max swing conditions, many
monolithic filters exhibit high harmonic distortion. This in·
dicates poor dynamic range even though the SIN ratio
looks great on paper.

~C1=O.01C

Figure 6. Adding an External (R1, C1) to Eliminate the
Clock Feedthrough and to Improve the High Frequency
Attenuation Floor

R
V,N>-"II\""••-:r-------:r--OC ACCURATEOUTPUT

V+ C ( C.)
lO~F

TA~~i~~MRl BUFFEREDP + V+/2 OUTPUT

- Rl V+
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With ± 5V supplies and higher, the LTC1062has a typical
100/NRMSwideband noise. With 1VRMSoutput levels, the
signal/noise ratio is BOdS,The test circuit of Figure B is
used to illustrate the harmonic distortion of the device.
The worst·case occurs when the input fundamental fre·
quency equals 1/2 or 1/3 the filter cutoff frequency. This
causes the 2nd or 3rd harmonics of the output to fall into
the filter's passband edge, Figures 9A and 9S.

Figure 9C shows an input frequency of 700Hz and the
filter's dynamic range under this condition is in excess of

VIN
lV RMS 'Co

(PURE SINE-
WAVE) ':"

BOdS.This is true because the harmonics of the 700Hz in·
put fall into the filter's stopband. With ± 7.5V supplies (or
single 15V), the THO of the LTC1062 lies between 76 and
B3db, depending on where the harmonics occur with reo
spect to the circuit's band edge. A slight improvement,
Figure 90, can be achieved by increasing the value of the
input resistor, R, such as (1I271'RC)= fc/1.93. Under this
condition, the filter no longer approximates a max flat
ideal response since it becomes "droopy" above 30% of
its cutoff frequency, as shown in Figure 3.

100kHz CLOCK, ±5V PEAK-PEAK

Figure 8. 1kHz Cutoff Frequency, 5th Order LP Filter, Test Circuit for Observing Distortion

HORIZ SCALE: 200HzfDIV
VERT SCALE: 10dBfDIV

- f CUTOFF= 1kHz
VIN=lVRMSAT 500Hz
Vs= ± 7.5V

L2ND HARMONIC
FUNDAMENTAL

HORIZ SCALE: 500Hzf DIV
VERT SCALE: 10dBfDIV
f CUTOFF= 1kHz
VIN = 1VRMS AT 700Hz
Vs= ± 7.5V

CUTOFF FREQUENCY

(C)

HORIZ SCALE: 200HzfDIV
VERT SCALE: 10dBfDIV
f CUTOFF= 1kHz
V IN = lV RMS AT 300Hz
Vs= ± 7.5V

L3RD HARMONIC

HORIZ SCALE: 200HzfDIV
VERT SCALE: 10dBfDIV
fCUTOFF= 1kHz
VIN=lVRMSAT 330Hz
Vs= ± 7.5V
_1_=-.!c....
2.".RC 1.93

L3RO HARMONIC = CUTOFF FREQUENCY
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Step Response and Burst Response

The LTC1062response to an input step approximates that
of an ideal 5th order Butterworth lowpass filter. Butter-
worth filters are "ringy", Figure 10A, even though their
passband is maximally flat. Figures 10B and 10C show a
more damped step response which can be obtained by in-
creasing the input (Rx C) product and thereby sacrificing
the maximum flatness of the filter's amplitude response.
Figures 11A and 11B show the response of the LTC1062to
a 2V peak to peak sinewave burst which frequency is
respectively equal to 2 x fe and 4 x fe. It is interesting to
compare Figure 11B to Figure 10A: In both figures the
overshoots and the settling times are about equal since,
from the filter's point of view, a high frequency burst looks
like a step input.

LTC1062 Shows Little Aliasing

Aliasing is a common phenomenon in sampled data cir-
cuits especially when signals approaching the sampling
frequency are applied as inputs. Generally speaking, when
an input signal of frequency (fiN) is applied, an alias fre-
quency equal to (fCLK± fiN)appears at the filter's output. If
fiN is less than (fCLK/2),then the amplitude of the alias fre-
quency equals the magnitude of fiN multiplied by the gain
of the filter at fiN, times the (sinx/x) function of the circuit.
For a lowpass filter, the gain around (fCLK/2)is essentially
limited by the attenuation floor of the filter and the
(fCLK±fiN) alias signal is buried into the filter noise floor.
The problem arises when the input signal's frequency is
greater than (fCLK/2)and especially when it approaches
fCLK.Under these conditions (fCLK- fiN)falls either into the

200mV/VERT DIV
50ms/HDRIZ DIV, fc= 10Hz
5ms/HORIZ DIV, fc= 100Hz
O.5ms/HORIZ DIV, fc=lkHz

_1_=....!L
2•.Re 1.62

TOPTRACE: O.5V/VERT DIV

100ms/HORIZ DIV, fc= 10Hz
10ms/HORIZ DIV, fc= 100Hz
flN=2xfc

BOnOM TRACE: O.5V/VERT DIV

TOPTRACE: O.5V/VERT DIV

100ms/HORIZ DIV, fc=10Hz
10ms/HORIZ DIV, fc= 100Hz
flN=4xfc

BOTTOMTRACE: O.tv/VERT DIV
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filter's passband or into the attenuation slope, and then
aliasing occurs. If for instance a 5th order Butterworth
switched capacitor ladder filter has a 1kHz corner fre-
quency and operates with a 50kHz clock, a 49kHz, 1VRMS
input signal will cause an alias (1kHz, O.7VRMS)signal to
appear at the output of the circuit; a 48kHz input will ap-
pear as a 2kHz output attenuated by 30dB.

The LTC1062 internal circuitry has a 4th order sampled
data network so, in theory, it will be subject to the above
aliasing phenomenon. In practice, however, the input
(R, C) band limits the incoming, clock-approaching
signals, and aliasing is nearly eliminated. Experimental
work showed the following data:

STANDARD 6th ORDER SWITCHED
LTC1062 CAPACITOR LOWPASS FILTER

'IN, OdB LEVEL VouTAT ('CLK - 'IN) VouTAT (tCLK - tiN)
0.97 x fCLK -77dB - 22.0dB
0.98 x fCLK -64dB -3.5dB
0.99 x fCLK - 43dB OdB
0.995 x fCLK - 45dB OdB
0.999 x feLK -60dB OdB

Cascading the LTC1062

Two LTC1062scan be cascaded with or without interme-
diate buffers. Figure 12 shows a DC accurate 10th order
lowpass filter where the second LTC1062 input is taken
directly from the DC accurate output of the first one. Be-
cause loading the junction of the input (R,C)causes pass-
band error, the second resistor R' should be much larger
than R. The recommended ratio of (R' tR) is about 117/1;
beyond this, the passband error improvement is not worth
the large value of R'. Also, under this condition
(1t21l'RC)=fet1.57 and (1/21l'R'C')=fe/1.6. For instance, a
10th order filter was designed with a cutoff frequency, fe,
of 4.16kHz, fCLK=416kHz and R=9090, R' = 107k,
C = O.066IlFand C' = 574pF.The maximum passband error
was - 0.6dB occurring around 0.5x fe. Figure 13 repeats
the circuit of the previous figure but the second LTC1062
is fed from the buffered output of the first one. The filter's
offset is the offset of the first LTC1062buffer (which is typ-
ically under ± 5mV and guaranteed 20mV over the full tem-
perature range of the device). By using this intermediate
buffer, impedance scaling is no longer required and the

Figure 13. Cascading Two LTC1062s. The 2nd Stage is
Driven by the Buffered Output of the First Stage.
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values of Rand R' can be similar. With this approach the
passband gain error is reduced to - 0.2dB. The recom·
mended equation of the two (R, C)s are the following:
(1/21fRC) = fe /1.59 and (1/21fR'C ') = fe /1.64 or vice versa.

A 4kHz lowpass filter was tested with the circuit of Figure 13.
The measured component values were R = 97.6k and
C = 676pF, R' = 124k and C' = 508pF. The wideband noise
of the filter was 140,NRMS and the worst·case second har·

monic distortion occurred with fiN = 0.5 x fe as shown in
Figure 14. With 1VRMSinput levels, the signal to noise ratio
is 77dB and the worst·case dynamic range is 73dB.

Figure 15 illustrates a 12th order filter using two LTC1 062s
and a precision dual op amp. The first op amp is used as a
precision buffer and the second op amp is used as a sim·
pie second order non·inverting lowpass filter to provide
the remaining two poles and to eliminate any clock noise.

Figure 14. Response of the Filter of Figure 13 to a 2kHz
1VRMSInput Sinewave. The 2nd Harmonic (Worst·Case)
Occurs at the Filter's Cutoff Frequency.

Figure 15. A Very Low Offset, 12th Order, Max Flat Lowpass Filter
R = 59k, C = O.001I'F, R1 = 5.7k, C1 = O.01I'F
R1 = R2 = 39.8k, C1 = 2000pF, C2 = 500pF, felK = 438kHz, fe = 4kHz



The output filter is tuned at the cutoff frequency of the
LTC1062s and has a Q= 1 to improve the passband error
around the cutoff frequency. For gain and Q equal to unity,
the design equation for the center frequency, fo, is simple:
let C1/4C2 and R1= R2, then fo = 1/(1l"R1C1). The filter's
overall frequency response is shown in Figure 16 with a
438kHz clock. The measured DC output offset of the filter
was 100/lV, although the maximum guaranteed offset of
each op amp over temperature would be 400/lV. Because
the active (R, C)output filter is driven directly from the DC
accurate output of the second LTC1062, impedance seal·
ing is used with the resistor R/. The noise and distortion
performance of this circuit is very similar to the one de-
scribed for Figure 13.

Using the LTC1062 to Create a Notch

Filters with notches are generally difficult to design and
they require tuning. Universal switched capacitor filters
can make very precise notches, but their useful bandwidth

I--fC~
V'N=lVRMS
Vs=±5V

-20

~ -40

~ -60
5-80
>

Figure 16. Frequency Response of the 12th Order Filter of
Figure 15
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should be limited well below half the clock frequency;
otherwise, aliasing will severely limit the filter's dynamic
range.

The LTC1062 can be used to create a notch because the
frequency where it exhibits -1800 phase shift is inside its
passband as shown in Figure 17. It is repeatable and pre·
dictable from part-to-part. An input signal can be summed
with the output of the LTC1062to form a notch as shown
in Figure 18. The 1800 phase shift of the LTC1062occurs
at fCLK/118.3or 0.85·times the lowpass cutoff frequency.
For instance, to obtain a 60Hz notch, the clock frequency
should be 7.098kHz and the input 1/(21l"RC)should be
approximately 70.98Hz/1.63. The optional (R2C2) at the
output of the LTC1062 filters the clock feedthrough. The
1/(21l"R2C2)should be 12-15 times the notch frequency.
The major advantage of this notch is its wide bandwidth.
The input frequency range is not limited by the clock fre-
quency because the LTC1062 by itself does not alias.

o
-20

-40
Vi
~ -60
ffi -80
o
;::- -100

~ -120

~ -140
«
~ -160~
6 -180
>

-200

-220

-240
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

flNlfc

Figure 17. Phase Response of the LTC1062 for Various
Input (R, C)s

fClK=fnotChX 118.3

2~~C = 0.726 Inoteh

ANDRI =R4=(R2+R3)
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The frequency response of the notch circuit is shown in
Figure 19 for a 25Hz notch. From part-to-part, the notch
depth varies from 32 to 50dB but it can be optimized by
tuning resistor Rt Figure 20 shows an example of the
wideband operation of the circuit. These pictures were
taken with the filter operating with a 3kHz clock frequency
and forming a 25Hz notch. Figure 20A shows the circuit's
response to an input 1kHz, 1VRMSsinewave; Figure 20B
shows the response to a 10kHz, 1VRMSsinewave. The high
frequency distortion of the filter will depend on the quality

~ -20

~ -30

-7010 100 lk t 10k

'notch 'eLK
fiN (Hz)

CLK IN
2.84kHz

_1_=~
2wRC 100 x 1.62

of the external op amp and not on the filter. The measured
wideband noise from DC to 20kHz was 138VRMSand the
measured noise from 50Hz to 20kHz was 30,NRMS.

The circuit of Figure 21 is an extension of the previous
notch filter. The input signal is summed with the lowpass
filter output through A1, as previously described; then, the
output of A1 is again summed with the input voltage
through A2.

(A) Response of a 25Hz Notch Filter to a
1kHz, 1VRMS Input Sinewave

(8) Same as Above but the Input is a 10kHz
Sinewave



If R6= R2= R3= R7and R4= R5= 0.5R7,the output of A2,
at least theoretically, should look like the output of
LTC1062Pin 8. If the ratio of (R6/R5)is slightly less than 2,
a notch is introduced in the stopband of the LTC1062as
shown in Figure 22.The overall filter response looks pseu-
doelliptic lowpass. The frequency of the notch is at
fCLK/47.3and the value of the resistor ratio (R6/R5)should
be equal to 1.935.

N 20;s

~ 30

~ 40

Figure 22. Amplitude Response of the Filter, Figure 21

Comments on Capacitor Types

Experimental work, done in a laboratory environment,
shows that the passband gain error is the same when my-
lar, polystyrene and polypropylene capacitors are used.
All the experiments done for this application note used
mylar capacitors for 0.001JlFand up and silver mica for
less than 1000pF.
Solid tantalum capacitors connected back-to-back, as
shown in Figure 23, introduce an additional passband er-
ror of 0.05dB to 0.1dB. For cutoff frequencies well below
10Hz and for limited temperature range, the back-to-back
solid tantalum capacitor approach offers an economical
and board saving solution provided that their leakage and
tolerances are acceptable. When disc ceramic capacitors
were used as part of the required input (R, C) of the
LTC1062,the passband accuracy of the filter was similar
to that obtained with solid tantalum capacitors. Ceramic
capacitors should be avoided primarily because of their
large and unpredictable temperature coefficient. NPO
ceramic capacitors, however, are highly recommended
especially for military temperature range. Their maximum
available value is of the order of 0.1JlF,their physical size
is reasonable and they are available with ± 20ppm/oC
tempco.
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Figure 23. A Low Frequency, 5Hz Filter using Back·to·
Back Solid Tantalum Capacitors

Clock Circuits
Application Note 12 describes in detail various clock
generation techniques which can be applied for the
LTC1062 requirements. Two basic circuits are repeated
and explained below:

1. Low frequency oscillators: A simple (R, C) oscillator is
shown in Figure 24. It uses a medium speed compara-
tor with hysteresis and a feedback (R1, C1) as timing
elements. The capacitor, C1,charges and discharges to
2V+/3 and V +/3 respectively. Because of this, the fre-
quency of oscillation is, at least theoretically, indepen-
dent from the power supply voltage. If the comparator
swings to the supply rails, if the pull-up resistor is much
smaller than the resistors Rhand if the propagation de-
lay is negligible compared to the RCtime constant, the
oscillation frequency is:

fosc= 0.72
R1C1

Figure 24. A Low Frequency, Precision (R, C) Oscillator.
For Bipolar ± 5V Output Swing Refer the Ground
Connection to - 5V.
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For LT111 or LT1011 type comparators, this holds for
fosc~3kHz. The circuit of Figure 24 is adequate to drive
an LTC1062 tuned in the vicinity of 10-30Hz cutoff fre·
quency. Also, when the input (R, C) of the LTC1062 and
the (R1, C1) of the comparator have the same tempera·
ture coefficient, the cutoff frequency will drift but the
passband error will be temperature independent since:

1 :: _fc_ = 0.72 or
(21rRC) 1.63 163xR1C1

(R1C1/RC) = 1136.

For C = 10C1, then R = 3.6R1, which yields a reasonable
resistor and capacitor value spread.

2. The RC oscillator of Figure 24 can also be used up to
110kHz but the frequency of oscillation is about equal to
0.66/R1C1 and the duty cycle 60%. Again the major fre·
quency drift component will be due to the drift of the
R1C1. If the cutoff frequency of the filter should be made
as temperature independent as possible, the (R x C) and
(R1 x C1) products should also be made temperature in·
dependent. This can be achieved by choosing resistors
and capacitors of nearly opposite temperature coeffi·
cients. For instance, TRW MTR·51+ 120ppm/oC resistors
can be used with -120ppm/oC ± 30ppm WESCO type
32·P capacitors.

3. Crystal oscill~tors: Figure 25 shows an LT1011 com-
parator biased in its linear mode and using a crystal to
establish its resonant frequency. With this circuit we
can achieve a few hundred kHz, temperature indepen·
dent clock frequency with nearly 50% duty cycle. Many

V- = -5V

Figure 25. Crystal Oscillator with 50% Duty Cycle

systems already have a crystal oscillator using digital
gates as active elements, Figure 26. Their frequency,
however, is usually above 1MHz and should be divided
down before being applied to the LTC1062. Figure 27
shows an inexpensive discrete crystal oscillator using
a single transistor as gain element. Its output can
directly drive Pin 5 of the LTC1062 and its Pin 4, should
they be converted to analog ground or negative supply
to activate the internal divide by 2 or 4 of the circuit.
This is necessary because the duty cycle at the collec-
tor of the crystal oscillator is not 50%.

100kHz

fa2M

74CI4

"- OUT

T43PF

fiI'[f~l-~
6.8M

4049

OUT

68PFT

Figure 27. Discrete, Low Cost Oscillator using Parallel
Type AT·CUT Crystal
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Composite Amplifiers

Amplifier design, regardless of the technology utilized, is
a study in compromise. Device limitations make it difficult
for a particular amplifier to achieve optimal speed, drift,
bias current, noise and power output specifications. As
such, various amplifier families emphasizing one or more
of these areas have evolved. Some amplifiers are very
good attempts at doing everything well, but the best
achievable performance figures are limited to dedicated
designs.

Practical applications often require an amplifier that has
extremely high performance in several areas. For example,
high speed and DC precision are often needed. If a single
device cannot simultaneously achieve the desired char·
acteristics, a composite amplifier made up of two (or
more) devices can be configured to do the job. Composite
designs combine the best features of two or more ampli-
fiers to achieve performance unobtainable in a single de·
vice. More subtly, composite designs permit circuit
approaches which are normally impractical. This is par-
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ticularly true of high speed stages which may be designed
with little attention to DC biasing considerations if a sepa·
rate stabilizing stage is employed.

Figure 1 shows a composite made up of an LT1012 low
drift device and an LT1022 high speed amplifier. The over·
all circuit is a unity gain inverter, with the summing node
located at the junction of three 10k resistors. The LT1012
monitors this summing node, compares it to ground and
drives the LT1022's positive input, completing a DC
stabilizing loop around the LT1022. The 10k·300pF time
constant at the LT1012 limits its response to low fre·
quency signals. The LT1022 handles high frequency inputs
while the LT1012 stabilizes the DC operating point. The
4.7k·220n divider at the LT1022 prevents excessive input
overdrive during start-up. This circuit combines the
LT1012's 35p.Voffset and 1.5V/oC drift with the LT1022's
23V/p.s slew rate and 300kHz full power bandwidth. Bias
current, dominated by the LT1012, is about 100pA.
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Figure 2 is similar, but uses discrete FETs to more than
triple the speed. Here A1's input stage is turned off by con·
necting its inputs to the negative rail. The differentially
connected FETs bias the second stage via A1's offset
pins. This connection replaces A1's input stage, reducing
bias current and increasing speed. FET mismatch would
normally result in excessive offset and drift. A2 corrects
this by monitoring the summing point (the junction of the
two 4.7k resistors) and forcing Q2's gate to eliminate over·
all offset. The 10k·1000pFpair limits A2's response to low
frequency, and the 1k divider chain prevents overdrive to
Q2 on start·up. The 1k·10pFdamper at the summing node
aids high frequency stability. Figure 3 shows pulse reo
sponse. Trace A is the input and Trace B the output. Slew
rate exceeds 100V/IlS,with clean damping. Full power
bandwidth is about 1MHz, and input bias current is in the
100pArange. DCoffset and drift are similar to Figure 1.

Figure 4 shows a highly stable unity gain buffer with good
speed and high input impedance. Q1 and Q2 constitute a
simple, high speed FET input buffer. Q1 functions as a
source follower, with the Q2 current source load setting
the drain·source channel current. The LT1010 buffer pro-
vides output drive capability for cables or whatever load is
required. Normally, this open loop configuration would be
quite drifty because there is no DCfeedback. The LTC1052
contributes this function to stabilize the circuit. It does
this by comparing the filtered circuit output to a similarly
filtered version of the input signal. The amplified differ-
ence between these signals is used to set Q2's bias, and
hence Q1's channel current. This forces Q1's VGS to
whatever voltage is required to match the circuit's input
and output potentials. The 2000pF capacitor at A1 pro·
vides stable loop compensation. The RC network in A1's
output prevents it from seeing high speed edges coupled
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through 02's collector-base junction. A2's output is also
fed back to the shield around 01's gate lead, bootstrap-
ping the circuit's effective input capacitance down to less
than 1pF.

The LT1010's 15MHz bandwidth and 100V//ls slew rate,
combined with its 150mA output, are fast enough for most
circuits. For very fast requirements, the alternate discrete
component buffer shown will be useful. Although its out-

put is current limited at 75mA, the GHz range transistors
employed provide exceptionally wide bandwidth, fast
slewing and very little delay. Figure 5 shows the LTC1052
stabilized buffer circuit's response using the discrete
stage. Response is clean and quick, with delay inside 4ns.
Slew exceeds 2000V//ls with full power bandwidth ap-
proaching 50MHz. Note that rise time is limited by the
pulse generator and not the circuit. For either stage, offset
is set by the LTC1052 at 5/lV, with gai n about 0.95.

0.1

~



Application Note 21

A potential difficulty with Figure 4's circuit is that the gain
is not quite unity. Figure 6 maintains high speed and low
bias while achieving a true unity gain transfer function.

This circuit is somewhat similar to Figure 4, except that
the 02·03 stage takes gain. A2 DC stabilizes the input·out·
put path, and A1 provides drive capability. Feedback is to
02's emitter from A1's output. The 1k adjustment allows
the gain to be precisely set to unity. With the LT1010out·
put stage slew and full power bandwidth (1Vp.p) are
100V/Ils and 10MHz, respectively. - 3dB bandwidth ex-
ceeds 35MHz. At A = 10 (e.g., 1k adjustment set at 50n) full

15V

0.01

t 1k
GAIN
ADJ

10k 2k 3000 500 5.6k 3k

power bandwidth stays at 10MHz while the - 3dB point
falls to 22MHz.

With the optional discrete stage, slew exceeds 1000V/Ils
and full power bandwidth (1Vp-p) is 18MHz. - 3dB band-
width is 58MHz.At A = 10,full power is available to 10MHz,
with the - 3dB point at 36MHz.

Figures 7A and B show response with both output stages.
The LT1010 is used in Figure 7A (Trace A=input, Trace
B = output). Figure 7B uses the discrete stage and is
slightly faster. Either stage provides more than adequate

0.1

'i
(A)

Figure 6. Gain Trimmable Wideband FET Amplifier



performance for driving video cable or data converters,
and the LT1012 maintains DC stability under all
conditions.
Figure 8 is another DCstabilized fast amplifier which func·
tions over a wide range of gains (typically 1-10). It com·
bines the LT1010and a fast discrete stage with an LT1008
based DC stabilizing loop. 01 and 02 form a differential
stage which single-ends into the LT1010.The circuit deliv·
ers 1Vp-p into a typical 750 video load. At A = 2, the gain is
within 0.5dB to 10MHz with the - 3dB point occurring at
16MHz. At A = 10, the gain is flat (± 0.5dB to 4MHz) with a
- 3dB point at 8MHz. The peaking adjustment should be
optimized under loaded output conditions.
Normally, the 01·02 pair would be quite drifty, but the
LT1008corrects for this. This correction stage is similar to

0.22r

01 02
2N3B66

(2)
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the one in Figures 4 and 6, except that the feedback is
taken from a divided down sample of the fast amplifier.
The ratio of this divider should be set to the same value as
the circuit's closed loop gain. Frequency roll-off of this
stage is set by the 1M·0.022/LFfilters in the LT1008's input
lines. The 0.22/LFcapacitor at the amplifier eliminates os-
cillations. The DC loop servo controls drift by biasing the
DC operating point of 02's collector to force zero error be-
tween the LT1008's inputs.

This is a simple stage for fast applications where rela-
tively low output swing is required. Its 1Vp-poutput works
nicely for video circuits. A possible problem is the rela·
tivelx high bias current, typically 10/LA.Additional swing is
possible, but more circuitry is needed.

0.22

1
TYPICAL SPECIFICATIONS
1Vp-p INTO 750
AT A=2
'l2dB TO 10MHz
3dB DOWN AT 16MHz
AT A=10
'hdB TO 4MHz
-3dB=BMHz 1M
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Figure 9's circuit addresses these issues. It trades speed
for output swing and reduced bias current. As before, a
separate loop maintains DCstability. This circuit is a good
example of an approach made practical by composite
techniques. Without the separate stabilizing loop, the DC
imbalances in the signal path would preclude any level of
operation.

In this arrangement a PNP level shifting stage (04) has
been added to Figure 8's circuit to increase available
swing at the LT1010 output. This is obtained at the ex-
pense of available bandwidth and amplifier stability. The
33pF capacitor from 04's collector to the circuits sum-
ming node (03's gate) affords stable loop compensation.

Figure 8's bias current errors are eliminated by 03, an
FET source follower. This device buffers the summing
point from the relatively high bias current required by 02.
Normally, this configuration would cause volts of offset,
due to 03's gate-source voltage. Here, A1 closes a DC
restoration loop, forcing 01's base to whatever point is
required to compensate for the offset. Thus, A1's opera-
tion not only provides low DCerror but permits a simplistic
approach to minimizing summing point bias current.
Figure 10 shows operating waveforms for a 10V output.
Trace A is the input, while Trace B is the output. Slew rate
is about 100V//Ls, with a full power bandwidth of 1MHz.The
LT1010 allows 100mA outputs and makes cable driving
practical at these speeds.
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Figure 11 shows another fast stage with wide output
swing. The circuit is non·inverting, and has higher input
impedance than Figure 9. Additionally, it's operation is
based on an arrangement commonly referred to as "cur·
rent mode" feedback. This technique, well established in
RF design and also employed in some monolithic instru-
mentation amplifiers, permits fixed bandwidth over a wide
range of closed loop gains. This contrasts with normal
feedback schemes, where bandwidth degrades as closed
loop gain increases.
The overall amplifier is composed of two LT1010buffers and
a gain stage,01 and 02. A3 acts as a DCrestoration loop.The
330 resistors sense A1's operating current, biasing 01 and
02. Thesedevices furnish complementaryvoltage gain to A2,
which provides the circuit's output. Feedback is from A2's
output to A1'soutput, which is a low impedancepoint.
A3's stabilizing loop compensates large offsets in the
signal path, which are dominated by mismatch in 01 and

02. Correction is implemented by controlling the current
through 03, which shunts 02's base bias resistor. Ade-
quate loop capture range is assured by deliberate skewing
of 01's operating point via the 3300 unit. The 9k-1 k feed-
back divider feeding A3 is selected to equal the gain ratio
of the circuit, in this case 10.

The feedback scheme makes A1's output look like the neg·
ative input of the amplifier, with closed loop gain set by
the ratio of the 4700 and 510 resistors. The outstanding
feature of this connection is that bandwidth becomes rela·
tively independent of closed loop gain over a reasonable
range. For this circuit, full power bandwidth remains at
1MHz over gains of 1 to about 20. The loop is quite stable,
and the 15pF value at A2's input provides good damping
over a wide range of gains. The LT1010buffers limit band-
width in this circuit. Dramatic speed improvement is pos·
sible if they are replaced by discrete stages.

-15V

0002
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Figure 12 substitutes discrete elements for Figure 11's
LT1010s.Although this arrangement is substantially more
complex, it provides an extraordinarily wideband ampli·
fier. This composite design is composed of three ampli·

PNP=2N3906
NPN=2N3904

-++- =1N4148
'10pF TRIMMER

(SEE TEXT)

fiers; the discrete wideband stage, a quiescent current
control amp and an offset servo. 01-04 replace
Figure 11's A1, although complementary voltage gain is
taken at the collectors of 03 and 04. 05 and 06 provide

0.1

~
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additional gain, similar to 01 and 02 in Figure 11.07-010
form the output buffer stage. The feedback scheme is
identical to Figure 11's, with summing action at the 03-04
emitter connection. To obtain maximum bandwidth, quies·
cent current is quite high. Without closed loop control, the
circuit will quickly go into thermal runaway and destroy it·
self. A1 provides the required servo control of quiescent
current. It does this by sampling a resistively divided ver·
sion of the voltage across 05's emitter resistor and com·
paring it to a power supply derived reference. A1's output
biases 04, completing a loop which forces fixed current
through 05. This action effectively controls overall quies·
cent current in the discrete stage. Simultaneously, A2 cor·
rects for offset by forcing 03's base to equalize the DC
input and output values at the discrete stage. Because the
closed loop gain is set at 10 (470n and 51n ratio), A2 sam·
pies the output via the 10:1 divider. Both A1 and A2 have
local roll·off, limiting their response to low frequency.
Casual consideration of A1 and A2's operation might raise
concern about interaction, but detailed analysis shows

this is not so. The offset and quiescent current loops do
not influence each others operation.

When this circuit is constructed using high frequency lay·
out techniques and a ground plane, performance is quite
impressive. For gains of 1 to 20, full power bandwidth
remains at 25MHz, with the - 3dB point beyond 110MHz.
Slew rate exceeds 3000V//ts. These figures can be im·
proved upon by using RF transistors, although the types
shown are inexpensive and readily available. Figure 13
shows pulse response for a ± 12V output (Trace B) at a
gain of 10 (input is Trace A). Delay is about 6ns, with rise·
time limited by the input pulse generator. Damping is opti·
mized with the 10pFtrimmer at the 05·06 collector line. To
use this circuit, adjust the 10 level to 80mA IMMEDIATEL Y
after turn on. Next, set A2's input resistor divider to a ratio
appropriate to the closed loop circuit gain. Finally, adjust
the 10pF trimmer for best response. Note that, in the inter·
ests of speed, this circuit has no output protection.

A=O.4V/DIV
B=4V/DIV
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Although speed and offset combinations are the most
common area for composite techniques, other circuits are
possible. Figure 14 shows a way to combine a low drift
chopper stabilized amplifier with an ultra-low noise bipo-
lar amplifier. The LTC1052measures the DC error at the
LT1028'sinput terminals and biases its offset pins to force
offset to a few microvolts. The 1N758 zeners allow the
LTC1052to function from ± 15V rails. The offset pin bias-
ing at the LT1028is arranged so the LTC1052will always

be able to find the servo point. The O.01/lFcapacitor rolls
off the LTC1052at low frequency, and the LT1028handles
high frequency signals. The combined characteristics of
these amplifiers yield the following performance;

Offset Voltage 5/lVmax.
Offset Drift 50nV/oCmax.
Noise 1.1nVv'HZ max.



Figure 15 plots noise amplitude over time in a O.1-10Hz
bandwidth.

Figure 16 uses multiple LT1028 low noise amplifiers in a
statistical noise reduction technique. It is based on the
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fact that noise decreases by the vIf\f of the number of de-
vices in parallel. For example, for nine paralleled ampli-
fiers, noise would decrease by a factor of three, to about
O.33nV~ at 1kHz. A potential penalty of this connection
is that the input current noise increases by -.INdevices.

GAIN =N x 200
OUTPUT NOISE = v'N x 200 x 1.1 nV 1.JHz

INPUT NOISE = OUTPUT NOISE = .J.J...-nV/.JHz
N x 200 v'N

1 WHERE N =AS MANY AMPLIFIERS AS DESIRED
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A final circuit, Figure 17, uses a composite of paralleled
LT1010 buffers to create a simple, high current stage.
Parallel operation provides reduced output impedance,
more drive capability and increased frequency response
under load. Any number of LT1010scan be directly paral·
leled as long as the increased dissipation in individual
units caused by mismatches of output resistance and off·
set voltage is taken into account.

When the inputs and outputs of two buffers are connected
together, a current, IIIOUT,flows between the outputs:

lllour= VOS1- VOS2
ROUT1+ ROUT2

where Vos and ROUTare the offset voltage and output reo
sistance of the respective buffers.

Normally, the negative supply current of one unit will in-
crease and the other decrease, with the positive supply
current staying the same. The worst-case (VIN-V+) in-
crease in standby dissipation can be assumed to be illOUT
VT,where VTis the total supply voltage.

Offset voltage is specified worst-case over a range of sup-
ply voltages, input voltage and temperature. It would be
unrealistic to use these worst·case numbers above be-
cause paralleled units are operating under identical condi-
tions. The offset voltage specified for Vs = ± 15V, VIN= 0
and TA = 25°C will suffice for a worst-case condition.

Output load current will be divided based on the output reo
sistance of the individual buffers. Therefore, the available
output current will not quite be doubled unless output reo
sistances are matched. As for offset voltage above, the
25°C limits should be used for worst-case calculations.

Parallel operation is not thermally unstable. Should one
unit get hotter than its mates, its share of the output and
its standby dissipation will decrease.

As a practical matter, parallel connection needs only
some increased attention to heat sinking. In some applica·
tions a few ohms equalization resistance in each output
may be wise. Only the most demanding applications
should require matching, and then just of output re-
sistance at 25°C.

VOUT

1 <1IOUT
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Previous monolithic circuits that converted waveforms to
their DC-RMS equivalents utilized logarithmic techniques.
This method limits bandwidth to below 1MHz and crest
factor performance to about 10:1. Practically speaking, a
waveform's RMS value is defined as its heating value in
the load. Specialized instruments employ thermally based
assemblies that compute the RMS value of the input. The·
thermal method provides substantially improved band-
width and crest factor capability compared to logarith-
mically based converters.

Applications such as wideband RMS voltmeters, RF level-
ing loops, wideband AGC, high crest factor measure-
ments, SCR power monitoring and high frequency noise
measurements require the advantages of thermally based
conversion.

Thermal RMS-DC converters are direct acting, thermo-
electronic analog computers. The thermal technique is ex-
plicit, relying on "first principles." The simple operation
permits wideband performance unattainable with implicit,
indirect methods based on logarithmic computing.

Previously, thermally based converters were large and
expensive to produce. A new IC, the LT1088, brings the
advantages of thermal conversion to the circuit board in a
14 pin DIP, and at reasonable cost. Before discussing the
LT1088, it is worthwhile reviewing thermal RMS-DC
conversion.

Figure 1 shows a conceptual thermal RMS-DC converter.
The input waveform warms the heater, resulting in in-
creased output from the temperature sensor. The heating
is related to the RMS value of the input waveform. The
temperature sensor's DC output represents this heating.

Although simple, this method has some problems. The
temperature sensor cannot distinguish between signal
and ambient induced temperature changes. This issue
could be addressed by summing in ambient temperature
information, but a more significant problem remains. Even
if the electrical portions of the design are perfectly linear,
overall response is not. The power produced by the heater
is non-linearly related to the input voltage (P = 12R); hence
temperature rise is similarly non-linearly proportioned.
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Additional non-linear signal conditioning is necessary for
an output which linearly corresponds to the input voltage.

Figure 2 shows a classic scheme which corrects both of
Figure 1's deficiencies. Here, the DC amplifier forces a
second, identical, heater-sensor pair to the same thermal
conditions as the input driven pair. This differentially
sensed, feedback enforced loop makes ambient tempera-
ture shifts a common-mode term, eliminating their effect.
Also, although the voltage and thermal interaction is
non-linear, the input-output voltage relationship is linear
with unity gain.

The ability of this arrangement to reject ambient tempera-
ture shifts depends on the heater-sensor pairs being
isothermal. This is achievable by thermally insulating
them with a time constant well below that of ambient
shifts. If the time constants to the heater-sensor pairs are
matched, ambient temperature terms will affect the pairs
equally in phase and amplitude. The DC amplifier will re-
ject this common-mode term. Note that, although the pairs
are isothermal, they are insulated from each other. Any
thermal interaction between the pairs reduces the sys-
tem's thermally based gain terms. This would cause
unfavorable signal-to-noise performance, limiting dynam-
ic operating range.

THERMAL

r--- -~:t:~
{]

HEATER (

INPUT II TEMPERATURE II
SENSOR

I I
I
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Figure 2's output is linear because the matched thermal
pair's non-linear voltage-temperature relationships cancel
each other.

The advantages of this approach have made its use popu-
lar in thermally based RMS-DCmeasurements. Typically,
the assembly is composed of matched heater resistors,
sensors and thermal insulation. These assemblies are
relatively large and expensive to produce. In theory, mono-
lithic IC techniques can be used to replace such assem-
blies, but the thermal insulation requirements present
problems.

A simplified monolithically based circuit which accom-
plishes this function appears in Figure 3. It is quite similar
to Figure 2's generalized approach. Here, the input drives
R1,producing heating which lowers the value of D1's volt-
age. A1 responds by driving R2 to heat D2,closing a loop
around the amplifier. Because the transistors and resis-
tors are matched, A1's DCoutput equals the RMSvalue of
the input, regardless of input frequency or waveshape. The
aforementioned thermal terms limit the circuit's practical
performance. In particular, thermal cross-coupling be-
tween the R1-D1 and R2-D2 pairs degenerates gain,
degrading available signal. Also, differences in the dis-
sipation constants and thermal capacity of the R·Dpairs
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result in overall gain errors. Additionally, thermal re-
sistance to ambient must be high to maximize D1-D2
signal output for reasonable input drive. Finally, the ther-
mal path between the mated resistor-transistor pairs must
be designed for efficient, low loss heat transfer.

Although the converter's basic principle is a straightfor·
ward extension of Figure 2, the electro-thermal design
must be carefully addressed to produce a practical mono-
lithic circuit. These thermal considerations dominate the
design and form of the circuit.

Figure 4 shows a simple electro-analog of the thermal
terms in the converter. The overall lumped matching of
these terms heavily influences achievable performance. In
particular, the die attach thermal resistance dominates

r---
I
I
I

the thermal impedance path. If this resistance is made
very high, the effects of mismatch in the other terms are
minimized.

Thermal cross-coupling is almost entirely eliminated by
using separate, identical die for the diode-heater pairs.
This eliminates cross heating more effectively than any
possible single die approach. A gain error, which is cor-
rected by introducing a corresponding gain trim, is caused
by residual mismatch in thermal terms. These include die
size, dissipation constant, and thermal capacity differ-
ences. The most significant term is differing amounts and
distribution of the die attach material. The gain correcting
trim is introduced by altering the gain of the output stage
in Figure 3.

A1
SERVO

AMPLIFIER

LEAKAGE
TO
AMBIENT

LEAKAGE
TO
AMBIENT
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Because the die attach resistance is so important (see
Box Section, "Measuring Thermal Resistance") it must be
carefully considered. Figure 5 shows results for various
die attach methods. As might be suspected, die sus-
pended in free air offer the highest thermal resistance, al·
though the approach is impractical. Conversely, standard
eutectic bonding gives low thermal resistance but is easy
to produce. Another die attach method, air impregnated
polymer, is nearly as good as air suspension, and is practi-
cal. The on™ process (Oracular Thermal Transfer) was
developed to allow use of air impregnated polymer die at-
tach. Figure 6 is a side-on die photo showing the results of
on processing beneath the die. Large areas beneath the
die are filled with air, resulting in the high thermal re-
sistance noted in Figure 5. Sufficient amounts of polymer
attach material ensure a reliable die attach.

Figure 7 is a die shot of one heater resistor-diode pair of
the mOBB. The circular, concentric heater resistors pro-
mote evenly distributed, isothermal characteristics. The
placement and aspect ratio of the heater rings is
optimiz(~d for an even thermal flow across the die. The
sensing diode is actually a paralleled quad located sym·
metrically about the die center. This quad arrangement
provides improved temperature sensing characteristics
over a single device. The separate heater rings allow the
user to select either a 50n or 250n input. The test structure
in the die center is not used. It is designed to offset effects
described by Counts Theorem (see References). Note that
the IC contains only the basic thermal components to
maintain isothermal conditions. Inclusion of support cir-
cuitry would add thermally based error terms, degrading
performance.

Die Attach Type Thermal Resistance'C Per Watt
Air Suspended 460
Air Impregnated Polymer 300
Epoxy/2 Mil Polymer Barrier 250
Glass·10MiI 115
Epoxy/1 Mil Polymer Barrier 107
Eutectic 54

Figure 6. Side·On Chip Photo Details the Air Impregnated Die
Attach Produced by the on Process. The Two Distinct Die
Regions are Caused by Scribe and Break Operations.

Figure 7. Die Photo of the LT1088 Showing 500 (inner ring) and
2500 (outer ring) Heaters
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performance specifications are given in Figure 9. The
LT10BB's temperature sensing diodes are biased from the
supply. A1, set up as a differential servo amplifier with a

15V

ZERO TRIM !
(TRIM AT 10%

OF FULL-SCALE) 5000
2.7k'

'I % FILM RESISTOR
VIN FULL-SCALE =
9.5V FOR 2500 INPUT

OR
4.25V FOR 500 INPUT

gain OT~UUU, exuacls me aloae's alTTerence signal ana
biases 01. 01 drives one of the LT108B's heaters, complet·
ing a loop. The 330pF capacitor gives a stable roll,off. The
1.5M·O.022J!F combination improves settling by reducing

10k
FULL-SCALE

TRIM

Accuracy:
500 Input

DC to 50M Hz 1% FS
DCt0100MHz 2% FS

2500 Input
DC to 20MHz 1% FS

Temperature Effect on Accuracy 100ppmloC
Dynamic Range 20:1

Crest Factor:
500 Input , 50:1
2500 Input 40:1

3dB Bandwidth 300MHz
Full·Scale Settling Time (1%) 500ms
Input Voltage Range

500 Input 4.25V
2500 Input 9.5V
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gain during output slew. The square·law thermal gain of
the LT10BBmeans overall loop gain is lower for small in·
puts. Normally, this would result in slow settling for values
below about 10-20% of scale. The LT10041k-3knetwork is
a simple breakpoint, boosting amplifier gain in this region
to improve settling. A2, a gain trimmable output stage,
serves to compensate for gain variations in the two sides
of the LT10BB.To trim the circuit, put in about a 10% scale
DC signal (e.g., 1Vfor the 2500 input, 500mVfor the 500 in-
put). Adjust the "zero trim" so that Your = VIN.Next, apply
a full-scale DC input and set the "full-scale trim" to that
value at the output. Repeat the trims until both are fixed
well within 1% of full-scale. An alternate trim scheme in-
volves applying no input, grounding Q1's base and setting
the "zero trim" until A1's output is active. Then, unground
Q1's base and apply a full·scale input and trim the "full-
scale" adjustment for that value at the output.

At frequencies above 10MHz, input connections require
care. Parasitic inductance builds quickly in wire runs, so
the LT10BB's input heater lead should be directly con·

nected to the source to be measured. It is also wise to
shield the input line from the rest of the circuit. Figure 10
shows one way to do this. A simple copper RF shield iso-
lates the circuitry from the input. The LT10BBis mounted
so the input pin is as close as possible to the input con·
nector pin. An additional precaution is to mount the 0.01JlF
bypass capacitors right at the LT10BBpackage. These
units minimize the effects of RF pick-up by the tempera-
ture sensing diodes. Another layout concern involves ther·
mal considerations. Because the LT10BB's operation
depends on thermal symmetry, it is sensitive to external
temperature gradients. This is particularly the case for
small inputs which force the device to run very close to
ambient temperature. The device should be mounted in an
area which is isothermal and free of drafts. Power generat·
ing components should be kept away from the LT10BBand
particular caution taken in fan cooled equipment. Under
normal conditions no thermal baffle or enclosure is reo
quired. Under no circumstances should a heat sink be
used.

LT10BB
COPPERSHIELO- INPUT PIN SOLOERED

/

OIRECTLYTO CONNECTOR
INPUT CABLE

ANO CONNECTOR
(X-RAY VIEW) "" LT10BB\ E

INPUT/
BNC CONNECTOR

(SHOWN IN X-RAY VIEW)



Figure 11 is a plot of output error vs input frequency using
the 500 input at full-scale. There is no degradation of
bandwidth for smaller inputs. Thermal transfer standards
(Fluke Model 540B with A-55 converters) certified to
50MHz were used as references. The data above 50MHz
was also taken with these references, although the indi-
vidual units used had not been certified at these frequen-
cies. The accuracy of units of this type which have been
certified is normally inside the tolerances listed, so there
is good probability the data is valid. Figure 12 is a similar
plot but over extended ranges of frequency and flatness.
Unfortunately, equipment and test set-up limitations im-
posed uncertainties at the highest frequencies, but the
data probably approximates actual performance. The
peaking followed by the steep roll-off is most likely due to
the LT1088's high frequency limitations. In particular,
bond wire inductance becomes increasingly significant as
frequency increases. Also, capacitance between the
heater and sensing diode permits RF pumping of the
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diode, almost certainly causing deleterious results. The
1% error point using the 2500 range is lower. The para-
sitics described combine with the higher input voltage
swing to limit 1% bandwidth to about 20M Hz.

The low end of the frequency spectrum is limited by loop
time constants. For Figure 8's values, the circuit begins to
follow the input below about 50Hz. Lower frequency opera-
tion requires longer loop time constants (e.g., increasing
the 3300pF value), increasing settling time.

Crest factor performance is set by IC breakdown limits
and the usable low input power range. Breakdown limits
are a function of processing. The usable low input power
range is a basic signal-to-noise conflict. Low input power
produces small amounts of signal. This makes accurate,
stable discrimination between desired inputs and ambient
thermal phenomena uncertain and noisy.
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Step response is determined by the servo electronics roll-
off. Figure 13 shows response for a full-scale step into the
2500 heater. Loop response is nicely damped. The small
glitching at the beginning of the step is due to the gain
breakpoint in A1's feedback loop. Figure 14 shows the
negative going step. Although the response appears clean
(again, the gain glitch is due to A1's breakpoint network),
Figure 15 reveals the loop coming to a new value well after
it appears to have settled. This photo is a slower version of
Figure 14 (initial negative going step is just visible at the
extreme left). Almost 5 seconds after settling apparently
occurs the loop abruptly assumes a new value. This effect

is due to the loop being driven into saturation. The al-
lowable low range operating area (defined by the dynamic
range specification) has been exceeded, forcing the servo
into saturation. This causes thermal imbalances in the
LT10BB,resulting in the extended length of time before the
loop becomes active again: Figure 16 shows response
when the input is kept within the specified operating
range. Settling on both edges is clean, and the loop
quickly assumes and maintains its final value.

•As an interesting exercise, consider what would happen if the servo amplifier could
somehow extract, as well as supply, heat to the system.
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Some applications may drive the LT1088 outside its
ooerating range, forcing thermal imbalance. If fast settling
is required, Figure 17's circuit is useful. This scheme
speeds settling by applying an open loop heating correc-
tion when thermal imbalance occurs. When the input
(TraceA, Figure 18)steps negatively, A1's output (Trace B)
slews. Loop delays cause A1 to overshoot, turning off

heater drive and thermally imbalancing the LT1088.Diode
steering at the LT1010buffer's output sinks current from
the 2500 input heater (Trace C). This produces heating,
tending to compensate the thermal imbalance, thereby de-
creasing settling time. Trace D, A2's output, settles fairly
quickly after it recovers from the open loop correction.

10k
FULL-SCALE

TRIM
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Any study of LT1088 dynamics must consider that al·
though the output voltage has settled, internal die tem·
perature may still be moving towards final value. It is
important to distinguish between voltage and thermal
dynamics when observing LT1088 operation.

Most LT1088 failures will be caused by excessive heater
drive. Input power (25°C) is specified at 375mW continu-
ous with 30 second excursions to 435mW permitted.
These figures are derated by - 3mW/oC above 25°C.
Figure 19 plots safe operating limits for input duty cycle vs
input voltage. Accidental heater overdrives can damage or
destroy the LT1088. In situations where overdrive may oc·
cur, some form of heater protection should be employed.
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Figure 20 shows a heater protection circuit which reo
sponds quickly enough to prevent damage from most over·
loads. C1's input is connected to the output of the LT1088
servo circuit. If the LT1088 circuit's output exceeds the
threshold at C1's other input, C1 trips, discharging the 21lF
capacitor. This causes C2's output to go low, energizing
the relay and breaking the heater circuit. The 560k resistor
provides a long recharge for the capacitor, preventing
"chattering" action. This arrangement's speed of reo
sponse is limited by the RMS circuit's slew rate, about
O.2V/ms. For reasonable overloads, the LT1088's tempera·
ture increases about 1°C/ms. A 10V LT1088 output step
takes 50ms, causing a temperature rise of about 50°C.

o
o 20 40 60 80 100

INPUT DUTY CYCLE (I',)

15V
SET AT 10%
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EXPECTED LT1088

10k CIRCUIT OUTPUT

TO RMS
l'NPUT

\,.... TO HEATER



Severe overloads will cause faster heating, and this circuit
may not act quickly enough to prevent damage. Figure 21's
circuit is faster, but requires a trim. It works by directly sens-
ing the temperature of the LT1088,instead of the servo am·
plifier output. Circuit action is similar to Figure 20, except
that the input is taken from the LT1088's input temperature
sensing diode. Figure 22 shows waveforms. Excessive drive
to the LT1088(Trace A, Figure 22) forces the servo amplifier
(Trace B) into slew. The sensing diode, responding more
quickly than the servo, causes the circuit to switch the relay
(Trace C), removing heater drive in 15ms. Because loop re-
sponse lags temperature, the servo amplifier's output peaks
at only 6V, about one-third of the input step. This circuit has
the disadvantage of requiring a trim, due to initial diode
tolerances. To trim, measure diode output at 25°C and set

Application Note 22

C1's negative input to the desired temperature cut-off point.
Assume a diode slope of 1.8mV/oC.

Some applications may require buffering the LT1088'srela·
tively low input impedance. This is not easy if the device's
wide bandwidth and accuracy must be preserved. With an
LT1010buffer, bandwidths in the low megahertz region are
achievable. Figure 23's circuit, a FET input, complementary
emitter follower output design, extends bandwidth out to
25MHz. If gain is desired, Figure 24 furnishes low megahertz
performance at a gain of ten. Figure 25's design, although
complex, has 32MHz bandwidth at a gain of ten. Detailed
discussion of Figures 24 and 25 appears in Application
Note 21, "Composite Amplifiers." Figure 26's table
summarizes performance of the buffer amplifiers.

C}TOHEATER
CONNECTIONS
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Applications for the LT1088'swideband capability exist in
AC voltmeters, SCR power monitoring, wideband AGC,
noise measurement and RF leveling loops. Figure 27
shows a 10MHz RF leveling loop. The RF input is applied
to the AD539 wideband multiplier. The multiplier's output
drives an RF amplifier. The discrete transistors furnish
gain with the LT1010 serving as an output buffer. The
LT1012 DC stabilizes the stage (for operating details of
this circuit, see Application Note 21). The RF amplifier's
output is converted to DC by the LT1088based RMS·DC
converter. A servo amplifier compares this output with a

RF
INPUT

10MHz
O.6-1.3VRMS

settable DC reference and biases the multiplier's control
channel, completing a loop. The 0.33JLFcapacitor provides
frequency compensation by rolling off gain at a frequency
well below the response of the LT1088 servo. The loop
maintains the output's 10MHz RMS amplitude at the DC
reference's value. Changes in load, input, power supply
and other variables are rejected. Figure 28 shows loop reo
sponse for a step test signal injected at the servo
amplifier's positive input (Trace A). Response (Trace B) is
clean, with settling occurring in about a second.

RF AMPLIFIER

15V

LEVELED
OUTPUT
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Measuring Thermal Resistance

Establishing, maintaining and verifying proper thermal reo
sistance between the m088 and ambient is extremely im·
portant to its operation. Because thermal resistance is a
gain term, it must be constant with time, cycling and pow·
er level. Additionally, it must fall within limits. Low thermal
resistance results in poor sensitivity to downscale inputs,
limiting dynamic range. Too high a thermal resistance
causes excessive die heating, leading to failure.

Thermal crosstalk, the heat conduction between the two
die, must be minimized. Such thermal conduction between
die towers available gain, degrading performance for
small inputs.

Ensuring proper thermal resistance for both cases reo
quires an accurate measurement technique. Figure B1
shows a circuit which reliably measures thermal reo
sistance. It works by supplying constant wattage to the

"LT1088 heater, regardless of its resistance. Because
heater resistance moves with die temperature, the circuit
must continually control the Ex I product supplied to the
heater. It does this by measuring heater current and fore·
ing voltage to keep the Ex I product at a constant, cali-
brated value. The resultant die temperature rise, picked up

by the diode sensor, allows thermal resistance to be
determined. A1, measuring heater current across the 10
shunt, feeds the Y input of an analog multiplier. The volt-
age across the heater is differentially sensed at the multi·
plier's X input. The mUltiplier's Ex I product output is
compared to a scaled, adjustable reference at A2. A2's
output biases 01, closing a loop around the heater. The
O.22/LFcapacitor stabilizes the loop. To trim this circuit,
put a 500, 1W resistor in place of the LT1088heater. Next,
adjust the 2k potentiometer so the measured heater
wattage (E across heater times I through the 11}shunt)
corresponds to the voltage at the potentiometer wiper.
Scale factor will be 10VfW. Disconnect the 500 resistor
and the circuit is ready for use.

To measure thermal resistance, adjust the wattage control
for 350mW,place the switch in the "25°C" position and read
the diode potentiaL Then, switch to "hot" and read the
diode voltage when it has settled. Assuming 1.8mV/oC,cal-
culate the thermal resistance in °Cfw. Thermal crosstalk is
measured the same way, except that the sensing diode and
heater are not on the same die.
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Micropower Circuits for Signal Conditioning
Jim Williams

Low power operation of electronic apparatus has become
increasingly desirable. Medical, remote data acquisition,
power monitoring and other applications are good candi·
dates for battery driven, low power operation. Micropower
analog circuits for transducer based signal conditioning
present a special class of problems. Although micropower
ICs are available, the interconnection of these devices to
form a functioning micropower circuit requires care. (See
Box Sections, "Some Guidelines for Micropower Design
and an Example" and "Parasitic Effects of Test Equipment
on Micropower Circuits.") In particular, trade·offs between
signal levels and power dissipation become painful when
performance in the 10 to 12·bit area is desirable. Addi·
tionally, many transducers and analog signals produce in·

herently small outputs, making micropower requirements
complicate an already difficult situation. Despite the prob·
lems, design of such circuits is possible by combining
high performance micropower ICs with appropriate circuit
techniques.

Platinum RTD Signal Conditioner

Figure 1 shows a simple circuit for signal conditioning a
platinum RTD. Correction for the platinum sensor's non·
linear response is included. Accuracy is 0.25°C over a
2°C-400°C sensed range. One side of the sensor is
grounded, highly desirable for noise considerations. For a
2°C sensed temperature, current consumption is 250J.!A,
increasing to 335J.!Afor a 400°C sensed temperature.

5k
400'C

43.2k" TRIM

002V TO 4V OUT =
2'C TO 400'C
±0.25'C

Rp=ROSEMOUNT 11BMF
"~TRW MAR-6 0.1%

'=1% METAL FILM
t~LT107B CAN BE USED FOR LOWER POWER



Application Note 23

The platinum sensor is placed in a current driven bridge
with the 1k resistors. The LM334 current source drives the
bridge and its associated resistors set a 100JlA operating
level. The diode provides temperature compensation (see
LM334 datasheet). The 39k resistor deliberately sustains
voltage drop, minimizing LM334 die temperature rise to en-
sure good temperature tracking with the diode. The 100JlA
current is split by the bridge. This light current saves pow·
er, but restricts the platinum sensor's output to about
200JlV/oC. The circuit's 0.25°C accuracy specification reo
quires the LT1006 low power precision op amp for stable
gain. The LT1006 takes the signal differentially from the
bridge to provide the circuit's output. Normally, the plat-
inum sensor's slightly non-linear response would cause
several degrees error over the sensed temperature range.
The 1.2M resistor gives slight positive feedback to correct
for this. The amplifier's negative feedback path domi-
nates, and the configuration is stable. The 1JlFcapacitors
give a high frequency roll-off and the 180k resistor pro-
grams the LT1006 for 80JlAquiescent current.

To calibrate this circuit, substitute a precision decade box
(e.g., General Radio 1432) for Rp. Set the box to the 5°C
value (1019.90) and adjust the "5°C trim" for 0.05V output
at the LT1006. Next, set the box for the 400°C value
(2499.80) and adjust the "400°C trim" for 4.000V output.
Repeat this sequence until both points are fixed. The re-
sistance values given are for a nominal 1000.00 (O°C) sen-
sor. Sensors deviating from this nominal value can be
used by factoring in the deviation from 1000.00. This devia-
tion, which is manufacturer·specified for each individual
sensor, is an offset term due to winding tolerances during
fabrication of the RTD. The gain slope of the platinum is
primarily fixed by the purity of the material and is a very
small error term.

CATALYST
RESEARCH CORP. _

MODEL 2736 -
2.8V

Thermocouple Signal Conditioner

Figure 2 is another temperature sensing circuit, except the
transducer is a thermocouple. Accuracy is within 105°C
over a OOC-60°C sensed temperature and current con-
sumption is about 125JlA.

Thermocouples are inexpensive, have low impedances
and feature self-generating outputs. They also produce
low level outputs and require cold junction compensation,
complicating signal conditioning. The bridge network,
composed of the thermistor and R1·R4, provides cold junc-
tion compensation with the LT1004 acting as a voltage
reference. The lithium battery noted allows the bridge to
float and the thermocouple to be ground referred, elim-
inating the requirement for a differential amplifier. For the
battery specified, life will approach 10 years. This is a
good way to avoid the additional power drain of a
multi·amplifier differential stage. The LT1006 is set up with
a gain scaled to produce the output shown and the 270k
resistor programs it for low current drain. Note that this
circuit requires no trims.

Sampled Strain Gauge Signal Conditioner

Strain gauge bridge based transducers present a chal-
lenge where low power operation is needed. The 3500
impedance combined with low signal outputs (typically
1-3mV output per volt of drive) presents problems. Even
with only 1V of drive, bridge consumption still approaches
3mA. Dropping drive to 100mV reduces current to accept·
able levels, but precludes high accuracy operation due to
the miniscule output available. In many situations,
continuous transducer information is unnecessary and
sampled operation is viable. Short sampling duty cycle

OV TO 3V OUT ~
O°C-60°C
±0.75°C

• =TRW MAR-6 0.1%
Rr=YELLOW SPRINGS INST. CO

MODEL 44007 5k@25°C



permits high current bridge drive while maintaining low
power operation. Figure 3 uses such a scheme to achieve
dramatic power saving in a strain gauge bridge applica-
tion (for a discussion of sampled operation considera-
tions, see Box Section B, "Sampling Techniques and
Components for Micropower Circuits").

In this circuit, 02 is off when the "sample command" is
low. Under these conditions only A4 and the CD4016 re-
ceive power, and current drain is inside 125/iA.When the
sample command is pulsed high, 02's collector (trace A,
Figure 4) goes high, providing power to all other circuit ele-
ments. The 10n-1/iF RC at the LT1021prevents the strain

10Hz
SAMPLE

COMMAND

V+
6.5V TO 10V

10k 47"F
SOLID

TANTALUM

0.003J

A1, A2, A3=LT1013 OUAD
• = 1% METAL FILM RESISTOR

•• = POLYSTYRENE

A=20V/DIV

B=4V/DIV
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bridge from seeing a fast rise pulse which could cause
long term transducer degradation. The LT1021·5 reference
output (trace B) drives the strain bridge, and differential
amplifier A 1-A3's output appears at A2 (trace C). Si·
multaneously, S1's switch control input (trace D) ramps
toward Q2's collector. At about one-half Q2's collector
voltage (in this case just before mid-screen) S1 turns on,
and A2's output is stored in C1. When the sample com·
mand drops low, Q2's collector falls, the bridge and its
associated circuitry shut down and S1 goes off. C1's
stored value appears at gain scaled A4's output. The RC
delay at S1's control input ensures glitch free operation by
preventing C1 from updating until A2 has settled. During
the 1ms sampling phase, supply current approaches
20mA, but a 10Hz sampling rate cuts effective drain below
200JlA. Slower sampling rates will further reduce drain, but
C1's droop rate (about 1mV/100ms) sets an accuracy con-
straint. The 10Hz rate provides adequate bandwidth for
most transducers. For 3mVIV slope factor transducers, the
gain trim shown allows calibration. It should be rescaled
for other types. This circuit's effective current drain is
about 300JlA, and M's output is accurate enough for 12-bit
systems.

• 100JLF
SOLIO

TTANTALUM
5 '="

Strobed Operation Strain Gauge
Bridge Signal Conditioner

Figure 5's circuit also switches power to minimize strain
bridge caused losses, but is not intended for continuously
sampled operation. This circuit is designed to sit in the
quiescent state for long periods with relatively brief on·
times. A typical application would be remote weight
information in storage tanks where weekly readings are
sufficient. This circuit has the advantage of not requiring a
differential amplifier, despite the strain bridge's floating
output. Additionally, it provides almost full rated drive to
the strain bridge, enhancing accuracy. Quiescent current
is about 150JlAwith on·state current typically 50mA.

With Q1's base unbiased, all circuitry is off except the
LT1054 plus-to·minus voltage converter, which draws a
150JlAquiescent current. When Q1's base is pulled low, its
collector supplies power to A 1 and A2. A 1's output goes
high, turning on the LT1054. The LT1054's output (pin 5)
heads toward - 5V and Q2 comes on, permitting bridge
current to flow. To balance its inputs, A1 servo controls the
LT1054 to force the bridge's midpoint to OV. The bridge

OUTPUT
PULSE
OV-3V
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ends up with about 8V across it, requiring the 100mAcapa-
bility LT1054to sink about 24mA. The O.02I'Fcapacitor sta-
bilizes the loop. The AHT1054 loop negative output sets
the bridge's common-mode voltage to zero, allowing A2 to
take a simple single ended measurement. The "output
trim" scales the circuit for 3mVIV type strain bridge
transducers, and the 100k-O.1I'Fcombination provides
noise filtering.

Thermistor Signal Conditioner for
Current Loop Application

4-20mA "current loop" control is common in industrial
environments. Circuitry used to modulate transducer data
into this loop must operate well below the 4mA minimum
current.

Figure 6 shows a complete 2-wire thermistor temperature
transducer interface with a 4-20mA output. Over a
O°C-100°C range, accuracy is ± O.3°C and the circuit is
current loop powered. No external supply is required. The

I
tI
I 18k

I
L ..J

tYELLOW SPRINGS INSTRUMENT
PART NO. 44201

LM134 current source absorbs the 40V input, preventing
the LTC1040from seeing too high a supply potential. It
does this by fixing the current well below the 4mA loop
minimum. The LTC1040(detailed data on this device ap-
pears in Box Section B, "Sampling Techniques and
Components for Micropower Circuits") senses the YSI
thermistor network output and forces this voltage across
the output resistor to set total circuit current. Current is
adjusted by varying the gate voltage on the 2N6657 FET.
Note that the comparator output operates in pulse-width-
modulation mode, with the FETgate voltage filtered to DC
by the 1M-1I'F combination. An important LTC1040feature
is that very little current, on the order of nanoamperes,
flows from the V- supply. This allows the V- supply to be
connected to ground with negligible current error in the
output sensing resistor. The differential input of the
LTC1040can sense the current through ROUT because its
common-mode range includes the V- supply. Trims
shown are for O°C and 100°C and are made by exposing
the thermistor to those temperatures or by electrically
simulating the conditions (see manufacturer's datasheet).

V+

r IR
LM134 IL ..J

v-

12V TO 40V
0°C=4mA
100°C = 20mA
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Microampere Drain Wall Thermostat

Figure 7 shows a battery powered thermostat using the
LTC1041 (See Box Section B for details on this device).
Temperature is sensed using a thermistor connected
in a bridge with a potentiometer to set the desired
temperature.

The bridge is not driven from the battery but from pin 7 on
the LTC1041. Pin 7 is the pulsed power (Vpp) output and
turns on only while the LTC1041 is sampling the inputs.
With this pulse technique, average system power con-
sumption is quite small. In this application the total sys-
tem current is below 1JLA! This is far less than the self
discharge rate of the battery, meaning battery life is shelf
life limited. A lithium battery will run this circuit for 10 to
20 years.

An external RC network sets the sampling frequency.
When an internal sampling cycle is initiated, power is
turned on to the comparators and to the Vppoutput. The
analog inputs are sampled and the resultant outputs are
stored in CMOS latches. Power is then switched off al-
though the outputs are maintained. The unclocked CMOS
logic consumes almost no DC current. The sampling proc-
ess takes approximately BOJLs. During this BOJLs interval,
the LTC1041 draws typically 1.7mA of current at V+ =6V.
Because the sample rate is low, average power is ex-
tremely small.

The low sample rate is adequate for a thermostat because
of the low rate of change normally associated with
temperature.

A power MOSFET in a diode bridge switches 26VAC to the
heater control circuitry. The MOSFET is a voltage con-
trolled device with no DC current required from the battery.

The voltage from DELTA (pin 5) to GND (pin 4) sets the
dead-band. Dead-band is desirable to prevent excessive
heater cycling. The dead-band equals two times DELTA
and is independent of both VIN (pin 3) and SET POINT
(pin 2). This means that as the SET POINT is varied the
dead-band is fixed at two times DELTA. Conversely as
dead-band is varied, SET POINT does not move.

Figure B shows a very simple configuration for a freezer
alarm. Such circuits are used in industrial and home
freezers as well as refrigerated trucks and rail cars. The
LTC1042 is a sampled operation window comparator (for
details on this device see Box Section B). The 10M-0.05JLF
combination sets a sample rate of 1Hz, and the bridge val-
ues program the internal window comparator for the out-
puts shown. For normal freezer operation, pin 1 is high and
pin 6 is low. Over-temperature reverses this state and can
trigger an alarm. Circuit current consumption is about
BOJLA.

~
400nA
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Integrating A-D converters with low power consumption
are available. Although capable of 12·bit measurements,
they are quite slow, typically in the 100ms range. Higher
speeds require a successive approximation (SAR) ap·

proach. No commercially produced 12·bit SAR converter
features micropower (e.g., below 1mA) capability at the
time of writing. Figure 9's design converts in 300Jts,while
consuming only 890JtA.

-.f =HP5082-2810
SOME SECONO SOURCE 7541A DEVICES
MAY NOT WORK IN THIS APPLICATION.

=1% METAL FILM
SELECT AD7541A FOR REF IN> 10kO
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Conceptually, this design is a straightforward SAR type
converter, although some special measures are needed to
achieve low power operation. The SAR chip and the DAC
are arranged in the standard fashion, with C1 closing a
loop. Normally, CMOS DACs are not used for SAR applica·
tions because their output capacitance slows operation.
In this case, the CMOS DAC's low power consumption is
attractive and speed is traded away.This is not too great a
penalty, because micropower comparator C1 is a good
speed match for the DAC specified. A limitation with
CMOS DACs is that their outputs must terminate into OV.
This mandates a current summing comparison, meaning
the reference must be of opposite polarity to the input.
Since most micropower systems run from single sided
positive rails, it is unrealistic to expect the user to supply
the A-D with a negative input. To be readily usable, the
converter should accept positive inputs and derive a nega·
tive reference internally. This issue is addressed by C2 and
the LTC1044plus·to·minus voltage converter, which form a
negative reference.

C2, compensated as an op amp, servo controls the
LTC1044via the boost transistor. The LTC1044's negative
output is fed back to C2's input, closing a regulation loop.
Scaled current summing from the output and the LT1034
forces a 5.000Voutput. The Schottky diode prevents possi·
ble summing point negative overdrive during start·up. The
choice of 5V for a reference maintains reasonable LSB
overdrive for C1, but accounts for over half the circuit's
current requirement. This limitation is set by the DAC's
relatively low input impedance. Dropping the reference
voltage would save significant power, but would also reo
duce LSB size below a millivolt. This would cause com·
parator offset and gain to become significant error
sources.

Although the DAC has no negative supply, it can accept
the negative reference because its thin film resistors are
not intrinsic to the monolithic structure. Ground referred
C1 cannot accept any negative voltages, however, and is
Schottky clamped.

Performance includes a typical tempco of 30ppm/oC,
300/Lsconversion time, 890/LAcurrent consumption and an
accuracy of ± 2 LSBs. Trimming involves adjusting the
100k potentiometer for exactly - 5V at VREF.The DAC's in·
ternal feedback resistor serves as the input. Figure 10
shows operating waveforms. Trace A is the clock. Trace B
is the convert command. The SAR is cleared on trace B's
falling edge and conversion commences on the rise. Dur·
ing conversion, C1's input (trace C) sequentially converges
towards zero. When conversion is complete, the status
line (trace D)drops low.

10·Bit,100/LA A- DConverter

Figure 11's A-D has less resolution than the previous cir·
cuit, but requires only 100/LA.The design consists of a cur·
rent source, an integrating capacitor, a comparator and
some logic elements. When a pulse is applied to the con·
vert command input (trace A, Figure 12), the paralleled
74C906sections reset the 0.075/LFcapacitor to zero (trace
B).Simultaneously, 74C14 inverter A goes low, biasing the
2N3809 c.urrent source on. During this interval the current
source stabilizes, delivering its output to ground via the
paralleled 74C906sections. On the falling edge of the con·
vert command pulse the 0.075/LF capacitor begins to
charge linearly. When the ramp voltage equals the input,
C1 switches. Inverter A goes high, shutting off the current
source. A small current is bled through the 10M·diode con·
nection to keep the ramp charging, but at a greatly reo
duced rate. This insures overdrive for C1, but minimizes



current source on-time, saving power. C1's output, a pulse
(trace C) width, is directly dependent on the value of Ex.
This pulse width gates C2's clock output via the 74COO
configuration. The 74COO's also gate out the portion of
C1's output due to the convert command pulse. Thus, the
clock pulse bursts appearing at the output (trace D) are
proportional to Ex. For the arrangement shown, 1024
pulses appear for a 5V full-scale input. The current source
scaling resistor and ramp capacitor specified provide
~ood temperature compensation because of their oppos-
Ing thermal coefficients. The circuit will typically hold
± 1 LSB accuracy over 0°C-70°C with an additional
± 1 LSB due to the asynchronous relationship between
the clock and the conversion sequence. If the conversion
sequence is synchronized to the clock, the ± 1LSB asyn-
chronous limitation is removed, and total error falls to
± 1LSB over 0°C-70°C. The flip-flop shown in dashed
lines permits such synchronization. Conversion rate varies
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with input. At tenth scale 150Hz is possible, decreasing to
20Hz at full-scale.

Power consumption of the A-D is extremely low, due to
the CMOS logic elements and the LT1017 comparator.
Quies.cent (EIN=OV) current is 100/lA at VSUPPLy=9V, de-
creasing to BO/lA for VSUPPLY= 7V. Because current source
on-time varies with input, power consumption also varies.
For EIN= 5V, current consumption rises to 125/lA for
ESUPPLY= 9V and 105/lA at ESUPPLV=7V. Additional power
savings are possible by shutting off the current source
during capacitor reset, but accuracy suffers due to current
~ou,rce settling time requirements. The 0.075/lF capac-
Itor s accumulated charge is thrown away at each reset. A
smaller capacitor would help, but C1's bias currents would
introduce significant error.

T~~ning off the cu~rent source after C1 switches saves sig-
nificant power. Figure 13, taken at a 25mV input, shows

Figure 13. Detail of the Switched Slope Capacitor Charging
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the ramp zero reset and the clean switching. When the cur·
rent source switches off, the ramp slope decreases but
continues to move upward, insuring overdrive. The 10M·
diode pair provides the charge, but less than a microam·
pere is lost.

20pS Sample-Hold

Figure 14 is a companion sample·hold for the SAR A-D.
Acquisition time is 20JLs, with low power operation (see
Figure 14 table). This circuit takes full advantage of the
programming pin on the LT1006 op amp to maximize
speed·power performance. When the sample command
(trace A, Figure 15)is given, the CD4066switches close. S1
and S2 allow A1's output (trace B) to charge the capacitor
(trace C is capacitor current). Simultaneously S3 and S4
close, raising the op amp's internal bias network. This

SAMPLE-HOLD COMMAND
HIGH =SAMPLE

LOW=HOLD

puts both amplifiers into hyperdrive, boosting slew rate to
speed acquisition time. A2 (trace D) is seen to settle
cleanly to 1mV in 20JLs. When the sample command goes
low, all switches go off, A2 follows the voltage stored on
the capacitor, and supply current drops by a factor of five
(see Figure 14 table). In normal operation, sample time is
short compared to hold and current consumption is low.
The 360k resistors set the circuit's hold mode quiescent
current at the value noted in the table.

10kHzVoltage-to·Frequency Converter

Figure 16, another data converter, is a voltage·to·fre·
quency converter. A OV-5V input produces a OkHz-10kHz
output, with a linearity of 0.02%. Gain drift is 40ppm/oC.
Maximum current consumption is only 145JLA,far below
currently available units.

ACOUISITION TIME
HOLD SETTLING TIME
S·H OFFSET
HOLD SUPPLY CURRENT
SAMPLE SUPPLY CURRENT
1kHz SAMPLE RATE CURRENT
DROOP RATE

20""
10""
1mV

430j'A
2.2mA
875j'A

lmV/ms

A=10V/DIV

8=5V/DIV

C=10mA/DIV
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The evolution of this circuit is described in Box Section A,
"Some Guidelines for Micropower Design and an Exam·
pie". To understand circuit operation, assume C1's posi·
tive input is slightly below its negative input (C2's output
is low). The input voltage causes a positive going ramp at
C1's positive input (trace A, Figure 17).C1's output is low,
biasing the CMOS inverter outputs high. This allows cur·
rent to flow from 01's emitter, through the inverter supply
pin to the O.001/lFcapacitor. The 10/lF capacitor provides
high frequency bypass, maintaining low impedance at
01's emitter. Diode connected 06 provides a path to
ground. The voltage to which the O.001/lFunit charges is a

121k'
INPUT TYP

OV TO 5V

-< =2N2222A

t =POLYSTYRENE

{>o-=74C04

, = 1% METAL FILM

:J+ =HP5082·2810

function of 01's emitter potential and 06's drop. When the
ramp at C1's positive input goes high enough, C1's output
goes high (trace B) and the inverters switch low (trace C).
The Schottky clamp prevents CMOS inverter input over·
drive. This action pulls current from C1's positive input
capacitor via the 05·0.001/lF route (trace D). This current
removal resets C1's positive input ramp to a potential
slightly below ground, forcing C1's output to go low. The
50pF capacitor connected to the circuit output furnishes
AC positive feedback, ensuring that C1's output remains
positive long enough for a complete discharge of the
O.001/lFcapacitor. The Schottky diode prevents C1's input

0.1 _

~
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HORIZ =20pS/DiV

Figure 17. Figure 16's Waveforms

from being driven outside its negative common-mode
limit. When the 50pF unit's feedback decays, C1 again
switches low and the entire cycle repeats. The oscillation
frequency depends directly on the input voltage derived
current.

Q1's emitter voltage must be carefully controlled to get
low drift. Q3 and Q4 temperature compensate Q5 and Q6
while Q2 compensates Q1's VSE. The two LT1004s are the
actual voltage reference and the LM334 current source
provides 35/LAbias to the stack. The current drive provides
excellent supply immunity (better than 40ppmN) and also
aids circuit temperature coefficient. It does this by
utilizing the LM334's O.3%/oC tempco to slightly tempera-
ture modulate the voltage drop in the Q2-Q4 trio. This cor-
rection's sign and magnitude directly oppose that of the
-120ppm/oC O.001/LFpolystyrene capacitor, aiding over-
all circuit stability.

The Q1 emitter-follower delivers charge to the O.001/LF
capacitor efficiently. Both base and collector current end
up in the capacitor. The paralleled CMOS inverters provide
low loss SPDT reference switching without significant
drive losses. The O.001/LFcapacitor, as small as accuracy

./'

./ •....
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Figure 18. Current Consumption vs. Frequency for Figure 16

permits, draws only small transient currents during its
charge and discharge cycles. The 50pF-47k positive feed-
back combination draws insignificantly small switching
currents. Figure 18, a plot of supply current vs. operating
frequency, reflects the low power design. At zero fre-
quency, the LT1017's quiescent current and the 35/LArefer-
ence stack bias accounts for all current drain. There are
no other paths for loss. As frequency scales up, the
charge-discharge cycle of the O.001/LF capacitor intro-
duces the 7/LAlkHz increase shown. A smaller value
capacitor would cut power, but the effects of stray capaci-
tance, charge imbalance in the 74C04, and LT1017 bias
currents would introduce accuracy errors.

Circuit startup or overdrive can cause the circuit's AC-
coupled feedback to latch. If this occurs, C1's output goes
high. C2, detecting this via the inverters and the 2.7M-
O.1/LFlag, also goes high. This lifts C1's negative input and
grounds the positive input with Q7, initiating normal cir-
cuit action.

Because the charge pump is directly coupled to C1's out-
put, response is fast. Figure 19 shows the output (trace B)
settling within one cycle for a fast input step (trace A).



To calibrate this circuit, apply 50mV and select the value
at C1's input for a 100Hzoutput. Then, apply 5V and trim
the input potentiometer for a 10kHzoutput.
An evolutionary history of this design appears in Box
Section A, "Some Guidelines for Micropower Design and
an Example".
A nice day at the San Francisco Zoo with Celia Moreno
M.D., instrumental in arriving at the final configuration, is
happily acknowledged.
1MHz Vollage·lo·Frequency Converter

Figure 20 is also a V- F converter, but runs at 1MHz full·
scale. Ouiescent current is 90JlA, ascending linearly to
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360JlA at 1MHz output. Obtaining higher operating fre·
quency requires trade·offs in power consumption and step
response performance. Linearity is 0.02% over a
100Hz-1 MHz range, drift about 50ppm/oC and step reo
sponse inside 350ms to full·scale.

This circuit has similarities to Figure 16, although opera·
tion is somewhat different. An input causes A1 to swing
towards ground, biasing 08. 08's collector ramps (trace A,
Figure 21) as it charges the 3pF capacitor plus stray
capacitance associated with 07 and the 74C14Schmitt in-
put connected to the node. When the ramp hits the
Schmitt's threshold its output (trace B) goes low, turning
on diode connected 07. 07's path discharges the node

r
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, r-- --
, SOOpF II5' __ .':!?!!!,!!~NLJ

1
0
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capacitances, forcing ramp reset. The 74C14returns high,
and oscillation commences. The 74C14 also drives the
C04024 divider, and serves as the circuit's output. The di·
vider's .;. 128output (trace C) controls a reference·charge
pump arrangement similar to Figure 16's. A2 furnishes a
buffered reference. The 1000pF capacitor is alternately
charged and discharged by the LTC201switch sections.
The charge increments pulled through S1 continually
force A1's 2/lF capacitor to zero (trace 0), balancing the in·
put derived current. The 0.022/lF capacitor at the 01·02
LTC201 node eliminates excessive differentiated reo
sponse, preventing spurious modes. This action closes a
loop around A1, and it servo controls the 07, 08, 74C14
oscillator to run at whatever frequency is required to main·
tain its negative input at zero. This servo behavior elim·
inates oscillator drift and non·linearity as error terms,
allowing the performance specifications noted. The
0.33/lF capacitor at A1 stabilizes the loop. This capacitor
accounts for the circuit's 350ms settling time.
The resistor from the input to A2 sums a small input reo
lated voltage to the reference, improving linearity. The 10M
resistor at 08's collector deliberately introduces leakage
to ground, dominating all node leakages. This ensures low
frequency operation by forcing 08 to source current to
maintain oscillations.
The circuit's current drain, while low, is larger than Figure
16's. The increase is primarily due to high frequency oscil·
lator and divider operation. The series diodes in the
oscillator·divider supply line lower supply voltage, de·
creasing current consumption. Oscillator current is also
heavily influenced by the capacitance and swing at 08's
collector. The swing is fixed by the 74C14 thresholds.
Capacitance has been chosen at the lowest possible value
commensurate with desired low frequency operation.
To trim this circuit, put in 500/lV and select the indicated
value at A1's positive input for 100Hzout. Then, put in 5V
and trim the 50k potentiometer for 1MHz out. Repeat this
procedure until both points are fixed.
Switching Regulator
No discussion of micropower circuitry is complete without
mention of sWitching regulators. Often, battery voltages
must be efficiently converted to different potentials to
meet circuit requirements. Figure 22 shows a micropower
buck type sWitching regulator with a quiescent drain of

70/lA and 20mA output current capability. When the output
voltage drops (trace A, Figure 23) C1's negative input also
falls, causing its output (trace B) to rise. This turns on the
paralleled 74C907open source buffers, and their outputs
(trace C) go high. Current ramps up through the inductor,
maintaining the regulator output. When output voltage
rises a small amount, C1's output returns low and the
cycle repeats. This action maintains regulator output de-
spite line and load changes. The LT1004serves as a refer·
ence and the 5pF capacitor ensures clean switching at C1.
The 2810Schottky diode prevents negative overdrives due
to the 5pF unit's differentiated response; the 1N5817 is a
catch diode, preventing excessive inductor caused nega-
tive voltages.
This circuit's low quiescent drain is due to the LT101Ts
small operating currents and the 74C90Ts low input drive
requirements. Circuit resistor values are kept high to save
current. C2 shuts down the regulator when output current
exceeds 50mA. It does this by comparing the potential
across the 0.2Qshunt to a resistively divided portion of the
LT1004reference. Excessive current drain trips C2 high,
forcing C1's negative input high. This removes drive from
the 74C907buffers, shutting down the regulator.
Utilization of a CMOS buffer as a pass switch for a
switching regulator is somewhat unusual, but perform·
ance is Quite good. Figure 24 plots efficiency vs. output
current at two input voltages. Efficiencies above 90% are
possible, with output current to 20mA depending on input.

Post Regulated Micropower Switching Regulator
Figure 25 is another buck type switching regulator, but
features a low loss linear post·regulator, quiescent current
of 40/lA and 50mA output capacity. The LT1020linear regu·
lator provides lower noise than a straight switching ap-
proach. Additionally, it offers internal current limiting and
contains an auxiliary comparator which is used to form
the sWitching regulator.
The switching loop is similar to Figure 22's circuit. A drop
at the switching regulator's output (pin 3 of the LT1020
regulator; trace A, Figure 26) causes the LT1020's com·
parator to go high. The 74C04 inverter chain switches,
biasing the P·channel MOSFETswitch's grid (trace B).The
MOSFET comes on (trace C), delivering current to the in·
ductor (trace OJ.When the voltage at the inductor·220~F
junction goes high enough (trace A), the comparator
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switches high, turning off MOSFET current flow. This
switching loop regulates the LT1020's input pin at a value
set by the resistor divider in the comparator's negative in-
put and the LT1020's 2.5V reference. The 680pF capacitor
stabilizes the loop and the 1N5817 is the catch diode. The
270pF capacitor aids comparator switching and the 2810
diode prevents negative overdrives.

The low dropout LT1020 linear regulator smoothes the
switched output. Output voltage is set with the feedback
pin associated divider. A potential problem with this cir·
cuit is start-up. The switching loop supplies the LT1020's
input but relies on the LT1020's internal comparator to
function. Because of this, the circuit needs a start-up
mechanism. The 74C04 inverters serve this function. When
power is applied, the LT1020 sees no input, but the invert-
ers do. The 220k path lifts the first inverter high, causing
the chain to switch, biasing the MOSFET and starting the
circuit. The inverter's rail·to-rail swing also provides ideal
MOSFET grid drive.

Even though this circuit's 40/lA quiescent current is lower
than Figure 22's, it can source more current. The ex·
tremely small quiescent current is due to the low LT1020
drain and the MOS elements. Figure 27 plots efficiency vs.
output current for two LT1020 input-output differential
voltages. Efficiency exceeding 80% is possible, with out-
puts to 50mA available.

Figures 28 and 29 show two other LT1020 micropower
regulator based circuits. In many processor based sys·
tems it is desirable to monitor or control the power down
sequence. Figure 28 produces a logical "1" output when
the regulator output begins to dropout (e.g., battery is
low). Here, the regulator is programmed for a 5V output
with the 1MlJ feedback resistors. The 0.001/lF capacitor
provides frequency compensation. The LT1020's internal
comparator senses the difference between the chip's 2.5V
reference and a small portion of the IC's pass transistor
current (supplied at pin 13). At the edge of dropout, the

5.2V 3
Your 5 YourV,N

LTlO20
1M' 2.5V 1M'

REF GNO FB

4 9 11~
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LT1020's pass transistor goes towards saturation, raising
pin 13's voltage. This trips the comparator, and its output
goes high. This signal can be used to alert a processor
that power is about to go down.

Figure 29 is similar, except that power is turned com·
pletely off when dropout begins to occur, preventing un·
regulated supply conditions. The comparator feedback is
arranged for a hysteresis type response. Although the out·
put turns off at dropout, it will not turn on until:

Turn On = VINx R2= 2 5V
R1+ R2 .

This prevents battery "creep back" from causing
oscillation.

Figure 30 shows a simple way to shut the LT1020down. In
this state it draws only 40IlA. The logic signal forces the
feedback pin above the internal 2.5V reference, and all
drive is removed from the output transistor. Figure 31
shows a low loss way to implement a "glitch less" memory
battery backup. During line powered operation, the right
LT1020does the work. The feedback string is arranged so
that the left LT1020does not conduct under line powered
conditions. When the line goes down, the associated
LT1020begins to go off, allowing the battery driven regula·
tor to turn on, maintaining the load.

V
'
N>5.2V

V,N VOUT 5Vlo=40"A

LT1020
+ 11 +,",er GNO FB T1O

"F9 1M
1N414B

.".
SHUTDOWN

Figure 30. LT1020 Shutdown

MAIN 3
POWER V,N

INPUT

INTERNAL PARASITIC
DIDOES OF LT1020

V1N-1I ••• I'" I-VOUT

BOX SECTION A
Some Guidelines for Micropower Design and an Example
As with all engineering, micropower circuitry requires at·
tention to detail, awareness of trade·ofts and an oppor-
tunistic bent towards achieving the design goal.

The most obvious way to save power is to choose compo·
nents which require little energy. Additional savings
require more effort.

Circuits should be examined in terms of current flow. Con-
sider such flow in all DC and AC paths. For example, do
DC base currents go where they can do some useful work,
or are they thrown away? Try to keep AC signal swings
down, particularly if capacitors (parasitic or intended)
must be continually charged and discharged. Examine the
circuit for areas where power slrobing may be allowable.
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Consider quiescent vs. dynamic power requirements of
components to avoid unpleasant surprises. Oatasheets
usually specify quiescent power because the manufac-
turer doesn't know what the user's circuit conditions are.
For example, everyone "knows" that liMOS devices draw
no current." Unfortunately, Mother Nature dictates that as
frequency and signal swings go up, the capacitances
associated with MOS devices begin to require more
power. It is often a mistake to automatically associate low
power operation with a process technology. While it's
likely that CMOS will provide lower power operation for a
given function than 12AX7s, a bipolar approach may be
even better. Consider individual situations on the basis of
their specific requirements before committing to a tech·
nology. Very often, circuits require several technologies
(e.g.,CMOS, bipolar and discrete) for best results.

Usually, achieving low power operation requires perform·
ance trade-offs. Minimizing signal swings and current
saves power, but moves circuit operation closer to the
noise floor. Offsets, drift, bias currents and noise become
increasingly significant error factors as signal amplitudes
are constricted to save power. This is a fundamental
trade·off and must be carefully considered. Circuits em·
ploying power strobing can sometimes get around this
problem by utilizing low duty cycles. Text Figure 3 uses
this technique to achieve dramatic power savings in a cir·
cuit with an on·state drain approaching 20mA (see also
Box Section B, "Sampling Techniques and Components
for Micropower Circuits").

Text Figure 16,a voltage·to·frequency converter, furnishes
an example of the evolution of a low power design. Design
goals included a 10kHz maximum output, fast step reo
sponse, linearity inside 0.05% and a maximum supply cur·
rent of 150JlA.Other specifications appear in the text.

Figure A1 shows an early version of this circuit. Operation
is similar to the text described for Figure 16,but a brief de·
scription follows: When the input current·derived ramp at
C1's negative input crosses zero, C1's output drops low,
pulling charge through C1. This forces the negative input
below zero. C2 provides positive feedback, allowing a
complete discharge for C1.When C2 decays, C1A's output
goes high, clamping at the level set by 01, 02 and VREF.C1

receives charge and recycling occurs when C1A's nega·
tive input again arrives at zero. The frequency of this
action is related to the input voltage. Diodes 03 and 04
provide steering, and are temperature compensated by 01
and 02. C1A's sink saturation voltage is uncompensated,
but small. C1B is a start·up loop.

Although the LT1017and LT1034have low operating cur·
rents, this circuit pulls almost 400JtA.The AC current
paths include C1's charge·discharge cycle, and C2's
branch. The DC path through 02 and VREFis particularly
costly. C1's charging must occur quickly enough for 10kHz
operation, meaning the clamp seen by C1A's output must
have low impedance at this frequency. C3 helps, but signif·
icant current still must come from somewhere to keep
impedance low. C1A's current limited output cannot do
the job unaided, and the resistor from the supply is reo
quired. Even if C1A could supply the necessary current,
VREF'Ssettling time would be an issue. Dropping C1's
value will reduce impedance requirements proportionally,
and would seem to solve the problem. Unfortunately, such
reduction magnifies the effects of stray capacitance at
the 03·04 junction. It also mandates increasing RIN'S
value to keep scale factor constant. This lowers operating
currents at C1A's negative input, making bias current and
offset more significant error sources.

Figure A2 shows an initial attempt at dealing with these is·
sues. This scheme is similar to Figure A1, except that 01
and 02 appear. VREFreceives switched bias via 01, in·
stead of being on all the time. 02 provides the sink path
for C1. These transistors invert C1A's output, so its input
pin assignments are exchanged. R1 provides a light cur·
rent from the supply, improving reference settling time.
This arrangement decreases supply current to about
300JtA,a significant improvement. Several problems do
exist, however. 01's switched operation is really effective
only at higher frequencies. In the lower ranges, C1A's out·
put is low most of the time, biasing 01 on and wasting
power. Additionally, when C1A's output switches, 01 and
02 simultaneously conduct during the transition, effec·
tively shunting R2across the supply. Finally, the base cur·
rents of both transistors flow to ground and are lost. The
basic temperature compensation is as before, except that
02's saturation term replaces the comparator's.
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Figure A3 is better. 01 is gone, 02 remains but 03, 04 and
05 have been added. VREF and its associated diodes are
biased from Rt 03, an emitter·follower, is used to source
current to Ct 04 temperature compensates 03's VSE, and
05 switches 03.
This method has some distinct advantages. The VREF
string can operate at greatly reduced current because of
03's current gain. Also, Figure A2's simultaneous conduc-
tion problem is largely alleviated because 05 and 02 are
switched at the same voltage threshold out of C1A. 03's
base and emitter currents are delivered to C1. 05's cur·
rents are wasted, although they are much smaller than
03's. 02's small base current is also lost. The values for
C2 and R3 have been changed. The time constant is the

01
O,OO1jtF

04 9V

INPUT 03

'"*
C1

220pf

.3
1\J.

0.1

~

FigureA1

04
R3 02
'1. SOpF

".
01

03 OOOtJEf

same, but some current reduction occurs due to R3's
increase.
If C1 cannot be reduced for performance reasons, then its
AC currents cannot be avoided. This leaves only the afore-
mentioned 05 and 02 currents as significant wasted
terms, along with R3's now smaller loss. Current drain for
this circuit is about 200f.LA maximum. Text Figure 16's cir-
cuit is very similar, bur eliminates 05 and 02's losses to
achieve maximum operating current below 150f.LA with
quiescent current under 80f.LA. Some other refinements are
included, but the circuit is the final iteration of the three
versions shown here. A complete description of Figure 16
appears in the text.

02
lH034
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BOX SECTION B
Sampling Techniques and Components for Micropower
Circuits
The best way to get low power circuit characteristics is to
turn off the power. While there are some obvious problems
with this approach, it does point a way towards
minimizing power consumption. In many applications con·
tinuous circuit power is not necessary. If bandwidth reo
quirements are low, sampling techniques offer a simple
way to save power. With low duty cycles, instantaneous
current can be relatively high while average drain remains
low. When considering a sampled approach some issues
should be examined. The required circuit bandwidth dic-
tates the minimum sampling frequency in accordance
with Nyquist criteria. The sampling interval's duration is
determined by circuit settling time to the required accu·
racy. This settling time should be considered for all circuit
elements (transducers, ICs and discrete components)
singularly and together. Additionally, effects of sampled
operation on component life and operating characteristics
should be examined. This is particularly the case for trans·
ducers, which may be designed and tested under DC op-
erating conditions.

~;:.;
...J L m Ii§]

1--80",--1 GND v-

Figure 81. lTC1040 Internal Details

Once these issues have been addressed, components can
be selected. The LTC1040, LTC1041 and LTC1042 have
been specifically designed for sampled operation. Figure
81 details the LTC1040,Dual Micropower Comparator. Its
programmable internal oscillator sets the sampling rate
with a sampling interval lasting 80fLS.The Vpp output sup·
plies power during the sampling interval, allowing drive for
external circuitry or transducers. Note that the input com-
mon·mode range includes both rails. Figure 82 plots sup-
ply current vs. sampling frequency.

A related device is similar, but dedicated to "bang·bang"
on·off type servo loops. The LTC1041appears in Figure 83.
Servo SET POINT and DELTA are controllable from the
inputs. The associated diagram (Figure 84) graphically
defines operation. Operating current is similar to the
LTC1040.

A final device, the LTC1042,is also similar but is set up as
a window comparator. Its internals appear in Figure 85
and the graphic operation description is shown in Figure
86. Operating current, input range and sampling charac-
teristics are similar to the LTC1040and LTC1041.

100

~~
>- 10

I=><.>
::;
!t:
=>'" 010

Figure 82. lTC1040 Power Consumption
ys. Sampling Frequency
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BOX SECTION C

Parasitic Effects of Test Equipment on
Micropower Circuits
The energy absorbed by test equipment connections to
micropower circuits can be significant. Under normal cir-
cumstances test equipment and probes have negligible
power drain, but microampere level operating currents
mandate care, Test instrumentation should be regarded as
an integral part of the circuit. DCand AC loading and para-
sitic effects must be kept in mind to avoid unpleasant sur-
prises. Such instrument connection errors can make the
circuit under test look unfairly bad or good,
The DCresistance of oscilloscope probes varies from hun-
dreds of ohms (1X types) to 10MO(10X),with some 10X
types as low as 1MO.Contrary to some expectations, FET
probes do not have high input resistance-some types are
as low as 100kO,although most are about 10M!"!.The DC
loading of a 10X1M probe could introduce as much a,s9itA
of loss, almost 10% of Figure 11's total! The AC lo.admgof
a 10pF probe looking at Figure 11's 20kHzclock will cause
apparent circuit consumption of 5itA, a significant loss in
a low power circuit. 1X type probes present about 50pF of
loading, with 1MO DC resistance when connected to the
'scope. This kind of probe loading can cause large errors
in micropower circuits, while virtually disabling some.
Such a probe, introduced at pin 6 of text Figure 7, would
stop the circuit's oscillator. If placed across the supply of
the same circuit it would consume 15 times the circuit's

operating current. Similarly, the probe's 50pF input
capacitance connected to Figure 20 (08's collector) re-
sults in a 25% apparent increase in circuit current at 1MHz
output.
Probe AC and DC loading are not the only effects. Some
DVM's produce "charge spitting" at their inputs. Such
parasitic charge, introduced into high impedance nod~s,
can cause substantial errors. It's also worth remembering
that DVM DC loading may change with range. Lower
ranges may have very high input impedance, but higher
ranges are typically 10MO.A 10Mll DVM reading Figure 7's
supply consumes 1% times the circuit current.
Figure C1 shows a way test equipment can make the cir·
cuit look too good, instead of too bad. If the pulse genera·
tor is adjusted more than a diode drop above the regu-
lator's output, the bypass capacitor peak detects the
charge delivered through the IC's internal diode. The regu-
lator can't sink current, and with its output forced high it
won't source anything. Under these conditions the circuit
functions while the current meter reads zero....a very low
power circuit indeed'-

• Practically speaking, most regUlators and power supplies can sink small
amounts of current. Because of this, the current meter may actually read
negative.
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Figure C2 shows a very simple, but useful, circuit which and ACerrors of this circuit are low enough for almost all
greatly aids probe loading problems in micropower cir· work, with enough bandwidth for just about any low power
cuits. The LT1022high speed FETop amp drives an.LT1010 circuit. Built into a small enclosure with its own power
buffer. The LT1010's output allows DVM cable and probe supply, it can be used ahead 01 a 'scope or DVM with good
driving and also biases the circuit's input shield. This results. Pertinent specifications appear in the diagram.

,bootstraps the input capacitance, reducing its effect. DC

Jl
PULSE

GENERATOR

INPUT CAPACITANCE- 8pF
le=50PA
Gaw=S.5MHz
SLEW =23V IpS
Eos=250~V
EO$4TC=5~V/'C
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Unique Applications for the LTC1062 Lowpass Filter

Nello Sevastopoulos
Philip Karantzalis

The LTC1062 As A Loop Filter

With commercially available PLLs, the loop filter is de-
signed by the user to optimize the loop performance. For a
variety of applications, a 1st or 2nd order lowpass passive
or active R, C filter will do the job. When minimum output
jitter and good transient response are required simul-
taneously, the design of the loop filter becomes more
sophisticated. For instance, a fast transient response im-
plies wide filter bandwidth and a reduced VCO output jit-
ter implies minimum ripple at the VCO input. This is
achieved by high outband attenuation of the lowpass
filter. The LTC1062 provides the above requirements as
well as economy and cutoff frequency programmability to
be used advantageously in PLL designs.

CD4D46r-----'
14 I

D:;E~~~R 13
II ~v+

I
I
I
I
I

The circuit of Figure 1 illustrates the use of the LTC1062
as a loop filter. The power supplies for the circuit are a
single 5V for the PLL and ± 5V for the LTC1062. The CMOS
PLL is a CD4046B. The LTC1062 can also be used with a
single 5V with some additional level shifting (see AN20).
Phase detector #2 drives a diode-resistor limiter combina-
tion to make the voltage at input R of the LTC1062 swing
from one diode above ground to one diode below the 5V
supply. Additionally, the two 5k resistors establish a maxi·
mum AC impedance to keep the LTC1062 in its operating
region and to bias the VCO input at its mid point when
phase detector #2 switches into a three-state mode.
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An empirical design procedure for input frequencies less
than 5kHz (fiN ~5kHz, Figure 1) is illustrated below:

• Given the minimum input frequency value, the cutoff
frequency, fe, of the LTC1062 should be chosen as:

1/6 (fIN(MIN))~fe ~ 1/4 (fIN(MIN))

The internal (or external) clock frequency of the
LTC1062 should be 150 to 250 times the desired cutoff
frequency, fe.

• The capacitor Case setting the LTC1062's internal os·
cillator should be chosen by:

C = ( 130kHz -1) x 33 F
ase 250 x fe p

By further decreasing the value of Case, the internal
clock frequency of the LTC1062 increases and the
damping of the loop also increases.

• By letting the value of C=0.047IlF, the LTC1062 input
resistor R should be:

R- 5500kn
- fc(Hz)

Note: For this application, the loop filter is not required
to be maximum flat and, therefore, the (R, C) values of
the LTC1062 can be within ± 5% tolerance.

To illustrate the performance difference between a low·
pass passive R, C loop filter and the LTC1062, the circuit
of Figure 1 was tested for two different PLL input fre-
quency ranges.

The first case is a PLL with a 60Hz ± 10% input frequency
range and with + N = 100. Then, the PLL's vca output
could be used to drive the clock input of a precision
switched capacitor filter, such as an LTC1060A set up in a
100:1 clock to center ratio, and configured as a 60Hz sharp
notch or bandpass filter. Figure 2A shows the transient reo
sponse of the loop when a passive R,C loop filter, Figure 3,

200ms/D1V l,.s/DIV

Transient response (C) and jitter (0) of the PLL with the LTC1062 used as a loop filter. The vca output frequency is 6kHz and the + N = 100.
The jitter is reduced to the internal jitter of the vca.



is used. The input frequency is shifted from 54Hz to 60Hz
and the loop takes 820ms to settle within 5% of its steady
stable value. The corner frequency of the R, C passive fil·
ter is 22Hz. The natural frequency of the loop is approxi·
mately 10Hz and the damping factor less than 0.1.
Figure 28 shows the jitter at the VCO output under the
above conditions. A 30JLs jitter with fOUT= 6kHz corre·
sponds to 18% instantaneous frequency inaccuracy. This
makes the PLL VCO output unusable as a clock generator
for a tracking switched capacitor filter. A small improve·
ment in the VCO output jitter could be achieved by further
decreasing the filter's cutoff frequency; this, however,
would further penalize the circuit's settling time.

15k
IN~OUT

I
O.15•F

100ll
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Figures 2C and 2D show the PLL performance when an
LTC1062 is used as a loop filter. The corner frequency fe of
the LTC1062 was set at 9.5Hz (~1/6 fiN) and its internal
clock was set for 204kHz (~252 x fel. The settling time of
the loop was 320ms and the damping factor was optimally
set to 0.7. The 1JLsVCO output jitter, fOUT= 6kHz, was mea·
sured over 5 periods and it is attributed to the inherited jit·
ter of the VCO internal circuitry. With the LTC1062 used as
a loop filter, the circuit's jitter corresponds to 0.12% fre·
quency error. This is quite adequate to drive the clock in·
put of 0.3% accurate switched capacitor filters, such as
LTC1059A or LTC1060A.

For the second example, the circuitry of Figure 1 was set for
a PLL input of fiN = 1400Hz ± 30% and a divide by N = 128.
The circuit's transient response, when the input shifted from
1260Hz to 1540Hz and when an R, C passive loop filter was
used, is shown in Figure 4. The cutoff frequency of the R, C
passive, Figure 38, was set at 53Hz. The VCO output jitter,
Figure 48, was Ilt = 90ns and was measured over 5 periods.
This yields a 1lt/5T x 100% = 0.32% total phase jitter of the
output frequency, fOUT= 1400 x 128 = 179.2kHz.

5ms/DIVISIDN 100ns/DlV

Transient response (A) and jitter (8) of the PLL with a passive R, C loop filter. the output frequency is fOUT = 179.2kHz and the.;. N = 128.

5ms/DlV 100ns/DIV

Transient response (C) and jitter (0) of the PLL when an LTC1062 is used as a loop filter, the output frequency, fOUT = 179.2kHz and the
.;.N=128.
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Figures 4C and 40 show the loop's performance when an
LTC1062replaces the R,C passive filter. The LTC1062was
set for a cutoff frequency of fc = 250Hzor 1/5of the fIN(MIN).
The internal oscillator of the LTC1062was set at 43kHz or
172 times its cutoff frequency. The VCO output jitter was
Ilt = 30ns (or 0.09%) and was measured over 6 periods.
Note the excellent transient response of the circuit,
Figure 4C, when compared to the underdamped response,
Figure 4A.

These two PLL cases demonstrate the advantages of
using the LTC1062as a loop filter in conjunction with the
C04046B phase locked loop. For a variety of low frequency
inputs and high.;. N numbers, the LTC1062allows the loop
to simultaneously achieve good transient response and
minimum output jitter. For best results, use the LTC1062
for PLL input frequencies below 5kHz and when the
C04046B operates with a single 5V supply, set 2.75V bias

at the VCO input as the center of the tracking range. The
minimum and maximum locking range settings of the VCO
input should then be 2.25Vand 3.25V, respectively.

Clock Sweepable Pseudo Bandpass/Notch Filters
If the feedback capacitor from pins 1 to 7 is replaced with
a resistor, Figure 5, the circuit loses its lowpass charac-
teristics and the response of the filter becomes selective
like a bandpass. Also, since the two external components
(R2, R1) are frequency independent, the LTC1062 can be
fully swept with an external clock.

Figure 6 shows the frequency response of Figure 5, for a
clock frequency of 100kHz. Figure 7 shows the variation of
the peak gain, Hop, and the peak frequency, fp, of Figure 6
versus different values of the (R1/R2)resistor ratio.

":" -5V 3
4

~ -10
%

~-20
5-30
>



Application Note 24

As can be seen from Figure 7, the resistor ratio (R1, R2) al-
ters mainly the peak gain of the filter and has very little ef-
fect on the value of the peak frequency of Figures 5 or 6.

Because of this, two LTC1062s can now be stagger-tuned
with a common clock, as shown in Figures 8 and 9, to pro-
duce a respectable bandpass response.

1\ Vs=±5V -
1\ Rl 1

R2

'\ R'l

\
W2~O.8 -
V,N=100mVrms_

I'
..••..•

"\.. '-
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In Figure 6, the -180° phase shift occurs just before the
frequency of the peak. Using this property and summing
the output of the bandpass filter, Figure 10, with the input
voltage, a clock tunable notch response is realized,
Figure 11. The clock to notch frequency ratio is 79.3:1 and
it is predictable and repeatable from part to part. The

notch frequency response of Figure 11 is obtained by set·
ting the ratio (R1/R2) equal to 1.24 and by letting all the
gain resistors be equal. Standard 1% value resistors will
produce a 40dB deep notch. Additional notch depth can be
obtained by tuning resistor Rt

Figure 10. Clock Tunable Notch Filler
For simplicity use R3 = R4 = R5 = 10k;
R1 -1 234 fClK _ 79.3
R2 -. , fnotch - 1

"



Accommodating High Input Voltages

High input voltages outside the input common·mode
range of the LTC1062can be divided down through a sim·
pie resistor divider, Figure 12.The DC gain of the lowpass
filter is R2/(R1+ R2)and for maximum passband flatness,
the paralleled combination of R1,R2should be chosen as:

1 _ fCUTOFF'R1//R2>5k()
211"(R1/1R2)x C 1"]3' - u

Note, in Figure 12,there is no need for an external op amp
to buffer the divided down input voltage. The internal
buffer input, pin 7, performs this function.

Application Note 24

An obvious and often encountered application is to use
this technique to interface the LTC1062with op amps pow-
ered from ± 15V supplies, Figure 13. Two inexpensive 7V
zeners limit the LTC1062 power supply voltage to ±8V;
meanwhile, the output of the op amp A is divided by 2. The
DC accurate output of the LTC1062 is then amplified by 2.
For this application, an LT1013 precision dual op amp is
recommended. The maximum DC output voltage will be
300/N if the A grade of the LT1013is used.

Figure 12. Using Input Resistor Divider to Accommodate High
DC and/or AC Input Voltages. Pin 7 DC Buffers the Input Voltage.
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Programming Various Cutoff Frequencies

To obtain several cutoff frequencies with a single
LTC1062, the clock frequency and the external R x C prod·
uct should be simultaneously varied such as:

1 _ fc _ fCLOCK-------
21l"RC 1.64 164

For instance, to double the filter's cutoff frequency,
we should double the clock frequency and, at the same
time, divide by two the R x C product of the external
resistor-capacitor combination. With a dual four channel
multiplexer, we can easily obtain four different cutoff fre-
quencies by selecting four input resistors and four clock

R1 ~ 23.7k
12

2R1 14

V,N
4R,1 15

BR1 11

74HC4052 <
R2= 2Bk

1

2R2 5

3R2 2

4R2 4 5V

5V
lk

C2T470PF

lOOk-5V
5V

frequencies. In Figure 14, the clock frequencies, all of
them being :o=:;50kHz,where derived through a simple R, C
oscillator.

Applying an External Clock Before the Power Supplies
are ON

If the clock at pin 5 is externally applied before the power
supplies turn ON, the device will latch. To avoid this, insert
a 500n resistor or in series with pin 5. This will prevent
latch up over temperature. If the power supplies exceed
± 6V, the input protection resistor should be increased to
1 k.

Figure 14. Using a Dual4·Channel Multiplexer to Obtain Four Different Cutoff Frequencies
(500Hz, 250Hz, 125Hz, 62.5Hz).



Switching Regulators for Poets
A Gentle Guide for the Trepidatious

The above title is not happenstance and was arrived at
after considerable deliberation. As a linear IC manufac·
turer, it is our goal to encourage users to design and build
switching regulators. A problem is that while everyone
agrees that working switching regulators are a good thing,
everyone also agrees that they are difficult to get working.
Switching regulators, with their high efficiency and small
size, are increasingly desirable as overall package sizes
shrink. Unfortunately, sWitching regulators are also one of
the most difficult linear circuits to design. Mysterious
modes, sudden, seemingly inexplicable failures, peculiar
regulation characteristics and just plain explosions are
common occurrences. Diodes conduct the wrong way.
Things get hot that shouldn't. Capacitors act like
resistors, fuses don't blow and transistors do. The output
is at ground, and the ground terminal shows volts of noise.

Added to this poisonous brew is the regulator's feedback
loop, sampled in nature and replete with uncertain phase
shifts. Everything, of course, varies with line and load
conditions-and the time of day, or so it seems. In the
face of such menace, what are Everyman and the poets to
do?

The classic approach is to seek wisdom. Substantial ex·
pertise exists but is concentrated in a small number of
corporate and academic areas. These resources are not
readily accessed by Everyman and some cynics might
suggest that they are deliberately protected by a self·
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serving priesthood. A glance through conference pro·
ceedings and published literature yields either a storm of
mathematics or absurdly coy and simple little block dia·
grams that make everything look just so easy. Either way,
Everyman loses. And the poets don't even get to try.

Something to think about is that most people who want
switching regulators don't need 98.2% efficiency or
100W/cubic inch. They aren't trying to get tenure and don't
care about inventing a new type of circuit. What they want
are concepts directly applicable to construction of work·
ing circuits with readily·available parts. Thus equipped,
Everyman can build and sell useful products, presumably
buy more components and everyone's interests (not in·
cidentally, including ours) are served.

As author, I must confess that I am more poet than
switching regulator designer, and my poetry ain't very
good. Before this effort, my enthusiasm level for switchers
resided somewhere between trepidation and terror. This
position has changed to one of cautiously respectful opti·
mism. Several things aided this transformation and signif·
icantly influenced this publication. The "encouragement"
of the Captains of this corporation, emphasized over the
last year at increasingly insistent levels, constituted one
form of inspiration. Conversations with users (or people
who wanted to be) provided more valuable perspective and
strength in the knowledge that I was not alone in my diffi·
culties with switchers.
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At the circuit level, a significant decision was to employ
standard, off-the-shelf magnetics exclusively. * This policy
was driven by the observation that the majority of prob-
lems encountered with switchers centered around induc-
tive components. This approach almost certainly prevents
precisely-optimized performance and may horrify some
veteran switcher designers. It also eliminates inductor
construction uncertainties, saves time and greatly in-
creases the likelihood of getting a design running. It's
much easier to work with, and get enthusiastic about, a
functional circuit than the smoking carcass of a devas-
tated breadboard. If standard inductor characteristics
aren't optimal, it's easier to see the evidence on a 'scope
than to guess why you don't see anything.

Additionally, once the circuit is running, an optimized ver-
sion of the standard product can be supplied by the induc-
tor manufacturer. It's generally easier for the inductor
manufacturer to modify its standard product than to start
from scratch. The process of communicating and translat-
ing circuit performance requirements into inductor con-
struction details is tricky. Using standard product as a
starting point accelerates the dialogue, minimizing the
number of iterations required for satisfactory results.
Often, the standard product suffices for the purpose and
no further effort is required.

Strictly speaking, it makes more sense to design the in-
ductor to meet circuit requirements than to fashion a cir-
cuit around a standard inductor. Deliberately ignoring this
consideration considerably complicated the author's
work, but hopefully will simplify the reader's (such is the
lot of an application note writer's life). Those interested in
inductor design theory are commended to LTC Application
Note AN-19, "LT1070 Design Manual."
-For recommended magnetics supplier, see page 13.

5V'N 100"H
PULSE ENGINEERING #51516

MBR735 (MOTOROLA)

12V OUTPUT
U5A

-1 % METAL FilM RESISTOR

Figure 1. Flyback·Type Regulator

A final aid in achieving my new outlook on switchers was
the LT1070 family. In terms of circuit construction and
ease of use they really are superior switching regulator
ICs. A 75V, 5A (LT1070HV) on-chip power switch, complete
control loop, oscillator and only 5 pins eliminate a lot of
the ambiguity of other devices. Internal details and operat-
ing features of the LT1070 family are detailed in Appendix
A, "Physiology of the LT1070."

Basic Flyback Regulator

Figure 1 shows a basic flyback regulator using the LT1070.
It converts a 5V input to a 12V output. Figure 2 shows the
voltage (Trace A) and the current (Trace B) waveforms at
the VSWITCHpin. The Vsw output is the collector of a com-
mon emitter NPN, so current flows when it is low. Current
is pulled through the 100llH inductor and controlled to a
value of which forces the 12V output to be constant. The
circuit's 40kHz repetition rate is set by the LT1070's in-
ternal oscillator. During the time Vsw is low, current flow
through the inductor causes a magnetic field to be in-
duced into the area around the inductor. The amount of
energy stored in this field is a function of the current level,
how long current flows, the characteristics of the inductor
and its core material. It is often useful to think of the in-
ductor as a bucket and analogize current flow as water
pouring into it. The ultimate limit on energy storage is set
by the bucket's capacity, corresponding to the inductor's
saturation limitations. The amount of energy that can be
put into an inductor in a given time is limited by the ap-
plied voltage and the inductance. The amount of energy
that can be stored without saturating the inductor is lim-
ited by the core characteristics. Size, core material,
operating frequency, voltage and current influence induc-
tor design.
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If the inductor is enclosed in a feedback-enforced loop,
such as Figure 1, the energy put into it will be controlled to
meet circuit output demands. Figure 3 shows what hap-
pens when output demand doubles. In this case duty cycle
doesn't change much but current doubles. This requires
the inductor to store more energy. If it couldn't meet the
storage requirement, e.g., it saturated and could not hold
any more magnetic flux, it would cease to look inductive. If
this point is reached, current flow is limited only by the re-
sistance of the wire and rapidly builds to excessive and
destructive values. This behavior is exactly the opposite of
a capacitor, where current diminishes upon entering satu-
ration. Capacitors can maintain energy storage with no
current flowing; inductors cannot. See Appendix C, "A
Checklist for Switching Regulator Designs," for details.

At the end of each inductor charge cycle, current flow in
the inductor decays, and the magnetic field around it
abruptly collapses. The Vsw pin is seen to rise rapidly to a
voltage higher than the 5V input. This flyback action gives
the regulator its voltage boost characteristics and its
name. The boost characteristic is caused by the collaps-
ing magnetic field's lines of flux cutting across the induc-
tor's conductive wire turns. This satisfies the basic
requirement for generation of a current in (and hence, a
voltage across) a conductor. This moving magnetic field
deposits energy into the wire in proportion to how much
was stored in the core during the current charge cycle. It is
worth rioting that the operating characteristics shown
here are similar to the Kettering ignition system used in
automobiles, explaining why spark occurs when the
poi nts open.'

In this circuit the flyback is seen to clamp to a level just
above the output voltage. This is so because the flyback
pulse is steered through the Schottky diode to the output.
The 470llF capacitor integrates the repetitive flyback
events to DC, providing the circuit's output. The feedback
pin (FB) samples this output via the 10.7k·1.24k divider.
The LT1070 compares the feedback pin voltage to its in-
ternal1.24V reference and controls the Vsw pin's duty cy-
cle and current, closing a loop. Since the LT1070 is trying
to force its feedback pin to 1.24V, output voltage may be
set by varying the 10.7k or 1.24k values.

All feedback loops require some form of stability com-
pensation (see the appended section of LTC Application
Note AN-18, "The Oscillation Problem-Frequency Com·
pensation Without Tears," for general discussion). The
LT1070 is no exception. Its voltage gain characteristics,
combined with the substantial phase shift of the circuit's
sampled energy delivery, ensure oscillation if uncompen-
sated. While the large output capacitor smooths the
output to DC, it also teams up with the sampled energy
coming into it to create phase shift. To complicate
matters, the load, which may vary, also influences phase
characteristics. The regulator can only source into the out-
put capacitor. The load determines the sink time constant,
influencing phase performance and overall stability.

The LT1070's internals have been designed with all this in
mind and compensation is usually fairly simple. In this
case the 1k-11lFcombination at the compensation pin (Vc)
rolls off the circuit, providing stable compensation for all
operating conditions (see Appendix B, "Frequency Com-
pensation," for details and suggestions on achieving sta-
bility in switching regulator loops).

As innocent as Figure 1 appears, it's not too difficult to
get into odd and seemingly inexplicable problems. Note
that the ground connection appears at the ground pin, as
opposed to its customary location at the bottom of the
diagram. This is deliberate and the supply and load return
connections should be made there. The high speed, high
current returns from the output transistor's emitter (the
"other end" of the Vsw pin) should not be allowed to mix
with the small currents of the output divider or the Vc pin.
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Such mixing can promote poor regulation, unstable opera-
tion or outright oscillation. Similarly, the 221lF bypass
capacitor ensures clean local power at the LT1070,even
during the fast, high current drain periods when Vsw
comes on. It should have good high frequency characteris-
tics (tantalum or aluminum paralleled by a disc ceramic
type). More discussion of these considerations appears in
Appendix C.

- 48Vto 5VTelecom Flyback Regulator

Figure 4's circuit is operationally similar to Figure 1 but is
intended for telecom applications. The raw telecom sup-
ply is nominally - 48V but can vary from - 40V to - 60V.
This range of voltages is acceptable to the Vsw pin but
protection is required for the VINpin (VMAX= 60V).Q1 and
the 30V zener diode serve this purpose, dropping VIN'S
voltage to acceptable levels under all line conditions.

Here, the "top" of the inductor is at ground and the
LT1070's ground pin at -48V. The feedback pin senses
with respect to the ground pin, so a level shift is required
from the 5V output. Q2 serves this purpose, introducing
only - 2mV/oC drift. This is normally not objectionable in
a logic supply, but can be compensated with the optional
appropriately scaled diode·resistor shown.

Frequency compensation is similar to Figure 1,although a
low ESR (equivalent series resistance) capacitor gives
less phase shift, permitting faster loop response with the
reduced compensation time constant. The 68V zener is a
type designed to clamp and absorb excessive line tran·
sients which might otherwise damage the LT1070 (Vsw
maximum voltage is 75V).

Figure 5 shows operating waveforms at the Vsw pin.
Trace A is the voltage and Trace B the current. Switching



characteristics are fast and clean. The ripples in the cur·
rent trace are due to nonoptimal breadboard layout
(ground as I say, not as I do). Inductor ringing on turn·off
(Trace A) is characteristic of flyback configurations.

Fully·lsoiated Telecom Flyback Regulator
Figure 6's circuit is another telecom regulator. Although it
looks more complex, it's really a closely related extension
of the previous flyback circuits. The fundamental differ-
ence is that the output is fully galvanically isolated from
the input, often a requirement in equipment. This necessi·
tates a transformer instead of a simple 2·terminai indue·
tor. It also requires output feedback information to be
transmitted to the regulator across a non·conducting
path. The transformer complicates the circuit's start·up
and switching characteristics while the isolated feedback
requires attention to frequency compensation.

In this circuit the VIN pin receives power from a trans·
former winding. This winding cannot supply power at
start-up because the circuit is nonfunctional. 01 through
04 address this issue. When power is applied, 05 cannot
conduct because the LT1071 is unpowered. 01, zener·
connected 02, and 03 are off. Under these conditions 04
is on, pulling the Vc pin down and strobing off the LT1071.
The potential at 01's emitter slowly rises as the 10k·100IlF
combination charges. When 01's emitter rises high
enough, it turns on. Zener-connected 02 conducts when
the voltage across it is about 7V, biasing 03 on. 01 sees
regenerative feedback, turning 03 on harder. 03's turn·on
cuts off 04, allowing the Vc pin to rise and biasing up the
LT1071. The rate of rise is limited by the 10IlF-diode com-
bination at the Vc pin. This network forces the Vc pin to
come up slowly, providing a soft-start characteristic (the
1000-diode string discharges the 10llF capacitor when cir·
cuit input power is removed). Because of this sequence,

the LT1071 cannot start up the circuit until the VIN poten·
tial is well established. This prevents start·up at "starved"
or unstable VIN voltages which could cause erratic or de·
structive modes. When start·up does occur, the trans-
former feeds the VIN pin with DC via the MUR120 diode.
The 500 resistor combines with the 100ilF capacitor to give
good ripple and transient filtering. This voltage is ample to
run the LT1071 and reduces the current through the 10k re-
sistor, saving power. 01,02 and 03 remain on, biasing 04
to allow LT1071 operation.

In the previous flyback circuits, the Vsw pin drove the in·
ductor directly. Here, a power MOSFET is interposed be-
tween the Vsw pin and the inductor. In this arrangement
the inductor is a transformer and its flyback characteris·
tics are different from a simple 2·terminal inductor. For the
simple inductor, the flyback energy was clamped by and
dumped directly into the output capacitor. Excessive volt·
ages did not occur. In the transformer case, all the flyback
energy does not end up in the output capacitor. Substan·
tial flyback voltage spikes (> 100V) appear across the
transformer primary when the LT1071 driven MOSFET
turns off.

Several measures prevent these spikes from destroying
the circuit. The 0.47IlF·2k·diode combination, a damper
network, conducts during the flyback event. This loads the
transformer primary, minimizing flyback amplitude. The
damper values are selected empirically, with the trade-off
being power dissipation in them. Very low values markedly
reduce flyback potentials but cause excessive dissipa·
tion. High values permit low dissipation but allow exces-
sive flyback voltages. The damper values should be se·
lected under fully-loaded output conditions because fly·
back energy is proportionate to transformer power levels.
Appendix C contains additional information on damper
network considerations.

Even with the damper network, the flyback voltage is too
high for the LT1071 output transistor. 05 prevents the
LT1071 from seeing the high voltage. It is connected in
series with the LT1071's output transistor. This connec·
tion, sometimes called a cascode, lets 05 stand off the
high voltage and the LT1071 operates well within its break-
down limits. Development and testing of this configura-
tion is detailed in Appendix D. 05 has large parasitic
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capacitances associated with all terminals. During
switching, these capacitances can cause excessive tran-
sient voltages to appear. The 18V zener diode insures
against gate-source breakdown (VGSMAX= 20V) and the
diode clamps the Vsw pin to the VIN potential. Mention of
these considerations appears in Appendix C.

The transformer's rectified and filtered secondary pro"
duces the 5V output. This output is galvanically isolated
from the circuit's input. To preserve this desired feature,
the feedback path must also be galvanically isolated. A1,
the opto-isolator, and their associated components serve
this function. A 1, powered by the 5V output, compares a
resistively-sampled portion of the output with the LT1004
1.2V reference. Operating at a gain of 200, it drives the

opto-isolator's LED. The opto-isolator's output transistor
biases the LT1071's Vc pin, closing a regulation loop. The
feedback amplifier inside the LT1071 is essentially
bypassed by the A1-opto-isolator combination and is not
used. Normally, the opto-isolator's drifty transmission
characteristics over time and temperature would result in
unstable feedback. Here, A1's gain is placed ahead of the
opto-isolator. This attenuates these uncertainties, provid-
ing a stable loop. This approach is not too different from
inside-the-Ioop booster transistors and buffers used with
op amps. Both schemes rely on the op amp's gain to elim-
inate uncertainties and drifts. Returning the opto-isolator
to VREFinstead of ground forces the op amp to bias well
above ground, minimizing saturation effects during output
transients.
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Frequency compensation is somewhat more involved in
this circuit than the previous examples. A1 is rolled off by
the 0.1/LFunit. This keeps gain low at high frequency, pre·
venting amplified ripple and noise from being fed back to
the LT1071. Local compensation at the LT1071Vc pin sta·
bilizes the loop. The 1000 resistor at the 5V output, a de·
liberate sink path, allows loop stability at light or no load.
Appendix B discusses frequency compensation.

Additional transformer secondary windings could be
added if desired. The input zener clips transient voltages.

Circuit waveforms appear in Figure 7. Trace A is 05's drain
voltage and Trace B the drain current. Trace A shows that
the MOSFET sees about 100V due to flyback effects, but
this is well within its rating. The ringing on turn·off is nor·
mal and is similar to the waveform observed in Figure 4's
circuit. Trace B shows that the current flow is fast, clean
and controlled. Figure 8 shows transient response for a 1A
step on a 2.5A output. When Trace A goes high the step oc·
curs. Trace B shows that output sag is corrected in about
8ms. When Trace A returns low the 1A load is removed and
recovery is similar to the positive step. Broadband output
noise, about 75mVp·p, may be reduced with the optional
filter shown.

B= 1()OmV/DIV
lAC COUPLED ON

5V OUTPUT)

Figure 8. Fully Isolated Regulator's Transient Response for a 1A
Change on a 2.5A Load

100W Off· line Switching Regulator

One of the most desirable switching regulator circuits is
also one of the most difficult to design. Figure 9's circuit
has many similarities to the previous design but is pow·
ered directly from the 115VAC line. This off·line operation
is desirable because it eliminates large, heavy and ineffi·
cient 60Hz magnetics and filter capacitors. The circuit pro·
vides an isolated 5V,20A output as well as isolated ± 12V,
1A outputs. Additional features include operation over a
90VAC-140VAC input range, AC line surge suppression,
soft·starting and loop stability under all conditions. Effi·
ciency exceeds 75%.

BEFORE PROCEEDINGANY FURTHER,THE READER IS
WARNED THAT CAUTION MUST BE USED IN THE CON·
STRUCTION,TESTING AND USE OF THIS CIRCUIT. HIGH
VOLTAGE, AC L1NE·CONNECTED POTENTIALS ARE
PRESENT IN THIS CIRCUIT. EXTREME CAUTION MUST
BE USED IN WORKING WITH AND MAKING CONNEC-
TIONS TO THIS CIRCUIT. REPEAT: THIS CIRCUIT
CONTAINS DANGEROUS, AC L1NE·CONNECTED HIGH
VOLTAGEPOTENTIALS.USECAUTION.

AC line power is rectified and filtered by the diode bridge·
470/LFcombination. The MOV device provides surge sup-
pression and the thermistor limits turn-on in-rush current.
Start·up and soft-start circuitry is similar to Figure 6's cir-
cuit, with some changes necessitated by the higher input
voltage. Erratic operation at extremely low AC line volt·
ages (70VAC)is prevented by the 220k-1.24kdivider. At very
low AC line inputs, this divider forces the LT1071 feedback
pin to a low state, shutting down the circuit. The high input
voltage, typically 160VDC, means that the LT1071's in·
ternal current limit is set too high to protect the regulator
if the circuit's output is shorted. 06 and its associated
components provide about 2A limiting. The LT1071's
ground pin current flows through the 0.30 resistor, turning
on 06 if current is too high. The 22k-50pF RC filters noise,
preventing erratic 06 operation.

05, a power MOSFET, is cascoded with the LT1071 for
high voltage switching. Circuit topology is similar to
Figure 6, with 05's voltage breakdown increased to 500V.
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Additionally, the son resistor combines with the gate
capacitance to slightly slow QS's transitions, reducing
high frequency harmonics. This measure eases layout
considerations. The transformer's damper network bor-
rows from Figure 6, with values reestablished for this
circuit.

The A1-opto-coupler-enforced feedback loop preserves the
transformer's galvanic isolation, allowing the regulator
output to be ground-referenced. The feedback loop is also
similar to Figure 6. Compensation values at A1 and the
LT1071 have changed, reflecting this circuit's different
gain-phase characteristics.

OANGER' LETHAL p()TENTIALS PIlESt:NT
IN SCREENEOAREA' 00 NOT OONNl;CT
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Figure 9. 100W Off· Line Switching Regulator
DANGER! Lethal Potenti~ls ~resent-See Text



Figure 10shows circuit waveforms at 15Aoutput. Trace A,
OS's drain, shows the flyback pulse being damped below
300V (for a discussion of the procedures used to design
the damper network and other design techniques in this
circuit, see Appendix D, "Evolution of a Switching Regula-
tor Design"). Trace B, the LT1071's Vsw pin, stays well
within its voltage rating, despite OS's high voltage
switching. Trace C, OS's drain current, shows that trans-
former current is well-controlled with no saturation
effects. Trace D, damper network current, is active when
05 goes off.

Figure 11 is a time and amplitude expansion of OS'sdrain
(Trace A) and transformer primary current (Trace B).
Switching is clean, with residual noise due to non-ideal
transformer behavior. The damper network clamps the fly-

Figure 10. Off· Line Switcher's Waveforms
DANGER! Take This Measurement Only With an Isolation
Transformer in Use-See Text

Figure 12. Figure 9's Output Ripple at 10A Output with the
Optional LC Filter Added-Without the Filter, Ripple Increases to
About 150mVp·p

back pulse well below OS's 500V rating and the trans-
former rings off after the flyback interval. The noise on the
current pulse, due to resonances in the transformer, has
no significant effect on circuit operation.

Figure 12shows output noise with the optional LC filter in
use. Without the filter, noise is about 150mV. Superim-
posed, residual 120Hz modulation accounts for trace
thickening at the peaks and could be eliminated by in-
creasing the 470llFvalue.

Figure 13 shows transient response performance. When
Trace A goes high, a SA transient is added to a 10A
steady-state load. Recovery amplitude is low and clean
with a first order response. When Trace A goes low, the
transient load is removedwith similar results.

Figure 11. Detail of Off·Line Switcher's Transformer Primary
Voltage and Current Waveforms
DANGER! Ta~e This Measurement Only With an Isolation
Transformer in Use-See Text

Figure 13. Figure 9's Circuit Responding to a SA Change on a 10A
Output
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Figure 14 shows response for shifts in the line. When
Trace A is high, the AC line is at 140VAC. Line voltage
drops to 90VAC with Trace A low. Trace B, the regulator's
AC·coupled output, shows a clean recovery with small am·
plitude error. The ripples in the waveform, 120Hz input
residue, could be reduced by increasing the 470/LF
capacitor.

Figure 15 shows the 5V output at start·up into a 20A load.
Response is slightly underdamped and can be modified by
adjusting the frequency compensation. The compensation
shown in Figure 9 is a good compromise between tran·
sient response and turn-on characteristics. The delay on
turn·on and the controlled rise time are due to the slow·
start circuitry.

Figure 16 plots regulator efficiency. As would be expected,
efficiency is best at high currents, where static losses are
a small percentage of output power.

Switch-Controlled Motor Speed Controller

Voltage regulators are not the only switching power cir-
cuits. Figure 17 shows a motor speed regulator. The
LT1070 provides simplicity and switch·mode control effi-
ciency. Although this circuit controls a motor, it shares
many considerations common to voltage regulators. When
power is applied, the tachometer output is zero and the
feedback pin (FB) is also at zero. This causes the LT1070
to begin pulsing its Vsw pin at maximum duty cycle. The

Figure 14. Figure 9 Responds to a 90VAC-140VAC Line
Change-Loading is 10A-120Hz Residue in Output Could be
Reduced by Increasing the 470/LF Input Filter

Figure 15. Start·Up for Figure 9 at 20A Loading- The 10/LF
Capacitor at the L11 070's Vc Pin Produces the Slow·Start
Characteristic. If the Small Overshoot is Objectionable, Modified
Frequency Compensation Can Eliminate it at Some Cost to
Transient Response
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motor turns, forcing tachometer output. When the FB pin
arrives at the LT1070's internal voltage reference value
(1.24V),the loop stabilizes. Speed is adjustable with the
25k potentiometer in the feedback string. The MUR120
damps the motor's flyback spike. The characteristics of
the motor specified permit no current limiting in series

with the diode. Other motors might require this and
damper network optimization should be done for any spe-
cific unit. Similarly, frequency compensation values will
vary with different motor types. The diode at the tachome-
ter output prevents transient reverse voltages due to
tachometer commutator sWitching.
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Switch·Controlled Peltier aoc Reference

Figure 18 is another switch·mode control circuit. Here, the
LT1070 controls power to a Peltier cooler, providing a O°C
temperature reference for transducer calibration.

A platinum RTD is thermally mated to the Peltier cooler.
The RTD combines with a bridge network to give a dif-
ferential output. A 1 provides maximum bridge drive with-
out introducing significant heating in the RTD. The
LTC1043 switched capacitor network converts this output
to a single-ended signal at A2. A2, operating at a gain of

'1 % METAL FILM RESISTOR
··ULTRONIX 105A 0.1%

RPlATlNUM=ROSEMOUNT # 118ME -lk at O°Ce = PELTIER COOLER =CAM810N # 801-2003-01-00-00

400, biases the LT1070's Vc pin. This closes a control loop
around the Peltier cooler, forcing its temperature low
enough to balance the bridge. The O°C trim adjusts the
servo point to precisely O°C. A standard RTD should moni-
tor Peltier temperature when making this trim. Alternately,
the sensor specified should be supplied with a certified
O°C resistance. With the RTD and Peltier cooler tightly
mated, stability is excellent. Figure 19, a plot of stability
over hours in a 25°C ±3°C ambient, shows a 0.15°C
baseline.
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80 f--f-----1f----tf----t-+-+--+-i
f

1°C

60 f---f-----1f--tf--t--+--+---+-;~

!--+'HOUR
Figure 19. Stability of Figure 18's Circuit Over Many Hours with a
25°C ± aoc Ambient
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APPENDIX A
Physiology of the L11070

The LT1070 is a current·mode switcher. This means that
switch duty cycle is directly controlled by switch current
rather than by output voltage. Referring to Figure A1, the
switch is turned on at the start of each oscillator cycle. It
is turned off when switch current reaches a predetermined
level. Control of output voltage is obtained by using the
output of a voltage·sensing error amplifier to set current
trip level. This technique has several advantages. First, it
has immediate response to input voltage variations, unlike
ordinary switchers which have notoriously poor line tran·
sient response. Second, it reduces the 90° phase shift at
mid·frequencies in the energy storage inductor. This
greatly simplifies closed loop frequency compensation
under widely varying input voltage or output load condi·
tions. Finally, it allows simple pulse·by·pulse current limit·
ing to provide maximum switch protection under output
overload or short conditions. A low dropout internal
regulator provides a 2.3Vsupply for all internal circuitry on
the LT1070.This low dropout design allows input voltage
to vary from 3Vto 6V with virtually no change in device per·
formance. A 40kHz oscillator is the basic clock for all in·
ternal timing. It turns on the output switch via the logic
and driver circuitry. Special adaptive antisat circuitry de·
tects onset of saturation in the power switch and adjusts
driver current instantaneously to limit switch saturation.
This minimizes driver dissipation and provides very rapid
turn·off of the switch.
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A 1.2Vbandgap reference biases the positive input of the
error amplifier. The negative input is brought out for out-
put voltage sensing. This feedback pin has a second func-
tion; when pulled low with an external resistor, it programs
the LT1070to disconnect the main error amplifier output
and connects the output of the flyback amplifier to the
comparator input. The LT1070will then regulate the value
of the flyback pulse with respect to the supply voltage.
This flyback pulse is directly proportional to output volt-
age in the traditional transformer·coupled flyback topol-
ogy regulator. By regulating the amplitude of the flyback
pulse the output voltage can be regulated with no direct
connection between input and output. The output is fully
floating up to the breakdown voltage of the transformer
windings. Multiple floating outputs are easily obtained
with additional windings. A special delay network inside
the LT1070 ignores the leakage inductance spike at the
leading edge of the flyback pulse to improve output
regulation.

The error signal developed at the comparator input is
brought out externally. This pin (Vc) has four different
functions. It is used for frequency compensation, current
limit adjustment, soft-starting, and total regulator shut-
down. During normal regulator operation this pin sits at a
voltage between 0.9V (low output current) and 2.0V (high
output current). The error amplifiers are current output
(gm) types, so this voltage can be externally clamped for
adjusting current limit. Likewise, a capacitor-coupled ex-
ternal clamp will provide soft-start. Switch duty cycle goes
to zero if the Vc pin is pulled to ground through a diode,
placing the LT1070 in an idle mode. Pulling the Vc pin
below 0.15V causes total regulator shutdown with only
50JLA supply current for shutdown circuitry biasing. For
more details, see Linear Technology Application Note
AN-19,pages 4-8.

APPENDIXB
Frequency Compensation

Although the architecture of the LT1070is simple enough
to lend itself to a mathematical approach to frequency
compensation, the added complications of input and/or
output filters, unknown capacitor ESR,and gross operat-
ing point changes with input voltage and load current
variations all suggest a more practical empirical method.
Many hours spent on breadboards have shown that the
simplest way to optimize the frequency compensation of
the LT1070is to use transient response techniques and an
R/C box to quickly iterate toward the final compensation
network.

There are many ways to inject a transient signal into a
switching regulator, but the suggested method is to use
an AC-coupled output load variation. This technique
avoids problems of injection point loading and is general
to all switching topologies. The only variation required
may be an amplitude adjustment to maintain small signal
conditions with adequate signal strength. Figure B1
shows the set-up.

A function of generator with 500 output impedance is cou-
pled through a 500/1000JLFseries RC network to the
regulator output. Generator frequency is non-critical. A
good starting point is 50Hz. Lower frequencies may cause
a blinking scope display which is annoying to work with.
Higher frequencies may not allow sufficient settling time
for the output transient. Amplitude of the generator output
is typically set at 5Vp-p to generate a 100mAp·p load
variation.

For lightly loaded output (Iour< 100mA),this level may be
too high for small signal response. If the positive and
negative transition settling waveforms are significantly
different, amplitude should be reduced. Actual amplitude
is not particularly important because it is the shape of the
resulting regulator output waveform that indicates loop
stability.

A 2·pole oscilloscope filter with f = 10kHz is used to block
switching frequencies. Regulators without added LC out-
put filters have switching frequency signals at their out-
puts which may have much higher amplitude than the low
frequency settling waveform to be studied. The filter fre-
quency is high enough to pass the settling waveform with
no distortion.
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Oscilloscope and generator connections should be made
exactly as shown to prevent ground loop errors. The oscil·
loscope is synced by connecting the channel 8 probe to
the generator output, with the ground clip of the second
probe connected to exactly the same place as the channel
A ground. The standard 500 8NC sync output of the gener·
ator should not be used because of ground loop errors. It
may also be necessary to isolate either the generator or
oscilloscope from its third wire (earth ground) connection
in the power plug to prevent ground loop errors in the
'scope display. These ground loop errors are checked by
connecting the channel A probe tip to exactly the same
point as the probe ground clip. Any reading on channel A
indicates a ground loop problem.

Once the proper set·up is made, finding the optimum val·
ues for the frequency compensation network is fairly
straightforward. Initially, C2 is made large (~21lF), and R3
is made small (::::1kO).This nearly always ensures that the
regulator will be stable enough to start iteration. Now, if
the regulator output waveform is single-pole overdamped
(see the waveforms in Figure 82), the value of C2 is re-
duced in steps of about 2:1 until the response becomes
slightly underdamped. Next, R3 is increased in steps of 2:1
to introduce a loop "zero." This will normally improve
damping and allow the value of C2 to be further reduced.
Shifting back and forth between R3 and C2 variations will
now allow one to quickly find optimum values.

II
A B

SCOPE
GROUND
CLIP

_______ , GENERATOR OUTPUT
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If the regulator response is underdamped with the initial
large value of C, R should be increased immediately
before larger values of C are tried. This will normally bring
about the overdamped starting condition for further
iteration.

Just what is meant by "optimum values" for R3 and C2?
This normally means the smallest value for C2 and the
largest value for R3,which still guarantee no loop oscilla·
tions, and which result in loop settling that is as rapid as
possible. The reason for this approach is that it minimizes
the variations in output voltage caused by input ripple volt·
age and output load transients. A switching regulator
which is grossly overdamped will never oscillate but it
may have unacceptably large output transients following
sudden changes in input voltage or output loading. It may
also suffer from excessive overshoot problems on start·up
or short circuit recovery.

To guarantee acceptable loop stability under all condi-
tions, the initial values chosen for R3 and C2 should be
checked under all conditions of input voltage and load cur·
rent. The simplest way to accomplish this is to apply load
currents of minimum, maximum, and several points in-
between. At each load current, input voltage is varied from

minimum to maximum while observing the settling wave·
form. The additional time spent "worst-casing" in this
manner is definitely necessary. Switching regulators, un·
like linear regulators, have large shifts in loop gain and
phase with operating conditions. If large temperature
variations are expected for the regulator, stability checks
should also be done at the temperature extremes. There
can be significant temperature variations in several key
component parameters which affect stability-in particu-
lar, input and output capacitor values and their ESRs,and
inductor permeability. The LT1070 parametric variations
also need some consideration. Those which affect loop
stability are error amplifier gm, and the transfer function
of Vc pin voltage versus switch current (listed as a
transconductance under electrical specifications.) For
modest temperature variations, conservative overdamping
under worst·case temperature conditions is usually suffi·
cient to guarantee adequate stability at all temperatures.

If external amplifiers or other active devices are included
in the loop (e.g., Figure 6 and 9), their effects must be in-
cluded in stabilizing the loop. LTC Application Note 18,
pages 12-15, provides commentary that may be useful in
these situations.

APPENDIXC

A Checklist for Switching Regulator Designs

1. The most common problem area in switching designs
is the inductor and the most common difficulty is
saturation. An inductor is saturated when it cannot
hold any more magnetic flux. As an inductor arrives at
saturation it begins to look more resistive and less
inductive. Under these conditions the current flow
through it is limited only by its DC copper resistance
and the source capacity. This is why saturation often
results in destructive failures. Test circuit C1 demon-
strates saturation effects. The pulse generator drives
01, forcing current into the inductor. The diode and
RCcombination form a typical load. Figure C2 shows
results. The voltage at 01's collector falls when it
turns on (TraceA is pulse generator output, Trace B is
01's collector). Trace C, the inductor current, ramps
in controlled fashion. When 01 goes off, current falls

and the inductor rings off. In C3, drive pulse width is
longer, allowing more inductor current build·up. This
requires the inductor to store more magnetic flux. Its
ramp waveform is clean and controlled, indicating
that it has the necessary capacity. Figure C4 brings
some unpleasant surprises. Drive pulse width has
been increased. Now, the inductor current departs
from its ramp characteristic into a non·linear slope.
The non·linear behavior starts between the third and
fourth vertical divisions. This curve shows a rapidly in·
creasing current characteristic. These conditions in·
dicate that the inductor is entering saturation. If pulse
width is increased much more, the current will rise to
destructive levels. It is worth noting that some indue·
tors saturate much more abruptly than this case.
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2. Always consider inductive flyback effects. Are semi-
conductor breakdown ratings adequate to withstand
them? Is a snubber (damper) network required? Con-
sider all possible voltages and current paths, includ-
ing the transient ones via semiconductor junction
capacitances, to avoid evil problems.

3. Think about requirements in capacitors. All operating
conditions should be accounted for. Voltage rating is
the most obvious consideration, but remember to
plan for the effects of equivalent series resistance
(ESR)and inductance. These specifications can have
significant impact on circuit performance. In particu-
lar, an output capacitor with high ESRcan make loop
compensation difficult.

4. Layout is vital. Don't mix signal, frequency compensa-
tion, and feedback returns with high current returns.
Arrange the grounding scheme for the best compro-
mise between AC and DC performance. In many
cases, a ground plane may help. Account for possible
effects of stray inductor-generated fl ux on other
components and plan layout accordingly.

5. Semiconductor breakdown ratings must be thought
through. Account for all conditions. Transient events
usually cause the most trouble, introducing stresses
that are often hard to predict. Things to watch for in-
clude effects of feedthrough via semiconductor junc-
tion capacitances (note the clamping of Q5's gate in
Figures 6 and 9). Such capacitances can allow exces-
sive voltages to occur for brief durations at what is
nominally a low voltage node. Study the data sheet
breakdown, current capacity, and switching speed
ratings carefully. Were these specifications written
under the same conditions that your circuit is using
the device in? If in doubt, consult the manufacturer.

"Simple" diodes furnish a good example of how carefully
semiconductor operating conditions must be considered
in switching regulators. Switching diodes have two im-
portant transient characteristics-reverse recovery time
and forward turn·on time. Reverse recovery time occurs
because the diode stores charge during its forward con-
ducting cycle. This stored charge causes the diode to act
as a low impedance conductive element for a short period

of time after reverse drive is applied. Reverse recovery
time is measured by forward biasing the diode with a
specified current, then forcing a second specified current
backwards through the diode. The time required for the
diode to change from a reverseconducting state to its nor-
mal reverse non-conducting state is reverse recovery time.
Hard turn-off diodes switch abruptly from one state to the
other following reverse recovery time. They therefore
dissipate very little power even with moderate reverse re-
covery times. Soft turn-off diodes have a gradual turn-off
characteristic that can cause considerable diode dissipa-
tion during the turn-off interval. Figure C5 shows typical
current and voltage waveforms for several commercial
diode types used in an LT1070 flyback converter with
VIN= 10V,VOUT= 20V,2A.
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Long reverse recovery times can cause significant extra
heating in the diode or the LT1070switch. Total power dis-
sipated is given by:

Ptrr = V x f X tRRX IF

V = reverse diode voltage
f = LT1070switching frequency

tRR= reverse recovery time
IF= diode forward current just prior to turn-off.

With the circuit mentioned, IF is 4A, V = 20V,and f = 40kHz.
Note that diode on current is twice output current for this
particular boost configuration. A diode with trr = 300ns cre-
ates a power loss of:

If this same diode had a forward voltage of 0.8V at 4A, its
forward loss would be 2A (average current) times 0.8V
equals 1.6W.Reverse recovery losses in this example are
nearly as large as forward losses. It is important to realize,
however, that reverse losses may not necessarily increase
diode dissipation significantly. A hard turn-off diode will
shift much of the power dissipation to the LT1070switch,
which will undergo a high current and high voltage condi-
tion during the duration of reverse recovery time. This has
not been shown to be harmful to the LT1070,but the power
loss remains.

Diode turn-on time can potentially be more harmful than
reverse turn-off. It is normally assumed that the output
diode clamps to the output voltage and prevents the in-
ductor or transformer connection from rising higher than
the output. A diode that turns on slowly can have a very
high forward voltage for the duration of turn-on time. The
problem is that this increased voltage appears across the
LT1070switch. A20V turn-on spike superimposed on a 40V
flyback mode output pushes switch voltage perilously
close to the 65V limit. The graphs in Figure C6 show diode

turn-on spikes for three common diode types-fast, ultra-
fast, and Schottky. The height of the spike will be depend-
ent on rate of rise of current and the final current value,
but these graphs emphasize the need for fast turn-on
characteristics in applications which push the limits of
switch voltage.

Fast diodes can be useless if the stray inductance is high
in the diode, output capacitor or LT1070 loop. 20-gauge
hook·up wire has 30nH/inch inductance. The current fall
time of the LT1070 switch is 108A/sec. This generates a
voltage of (108) (30x 10-9) = 3V per inch in stray wiring.
Keep the diode, capacitor and LT1070ground/switch lead
lengths short!
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APPENDIX D
Evolution of a Switching Regulator Design

A good way to approach designing a switching regulator is
to break the problem into small tasks and then integrate
everything. The combination of inductors, a sampled feed-
back loop, and high speed currents and voltages leaves
much room for confusion. The approach used in Figure 9's
design is illustrated as an example of an iterative ap-
proach in switching regulator design. This off-line circuit
features high power, an isolated feedback loop and the
aforementioned complexities. Any attempt to get every-
thing working on the first try is beyond risky.

The transformer drive is the most critical part of Figure 9's
design. Fast switching of over 100W at high voltage re-
quires care. In particular, two issues must be addressed.
Will the high voltage FET-LT1071 cascode connection
really work? What amplitudes of flyback voltage are going
to occur and what will their effects be?

2k
DUTY CYCLE

ADJUST

Figure D1 begins the investigation. This test circuit allows
checking of the high voltage cascode. To start, a resistive
load is used, eliminating the possible (certain!) complica-
tions of the inductive load. Figure D2 shows waveforms.
Switching is clean. Trace A is the FET drain, while Trace B
is the LT1071 Vsw pin. Drain current appears in Trace C.
Pulse width is kept deliberately low, minimizing load
power dissipation. Everything appears well ordered, and
the LT1071 Vsw pin does not see any high voltage excur-
sions. Artifacts of the MOSFET's high voltage switching
do, however, appear at the LT1071 Vsw pin. On the falling
edge, the ringing appears, albeit at lower amplitude. The
rising edge shows a slight peaking. These effects are due
to the high voltage coupling through the MOSFET's junc-
tion capacitances. The diode clamps the source to 10V,
but the effects of the high voltage slewing are still notice-
able. This doesn't cause much trouble with the resistive
load, but what will happen with the inductor's higher fly·
back voltages?

RlOAD
2000-50W
NON·INDUCTIVE

MUR120
(MOTOROLA)

Vsw

8=10V/DIV

C=1A/DIV
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Figure D3 shows the test circuit rearranged to accommo-
date the transformer load. The transformer replaces the re-
sistor. Its terminated secondary allows it to present a
signficant load. The fixed 160V supply has been replaced
with a OV-200V unit, permitting voltage to be slowly and
cautiously increased ("For fools rush in where angels fear
to tread"-An Essay on Criticism, A. Pope). The 350V
transistor is replaced with a 1000V unit, in preparation for
inductive events. Figure D4 shows waveforms. As ex-
pected, the inductive flyback (Trace A) is significant, even
at low supply voltage (VSUPPLY = 60V in this photo).

Trace C, the drain current, rises with a characteristic indi-
cating the inductive load. Trace B, the source voltage, is of
greater concern. The flyback event, feeding through the
MOSFET's capacitances, causes the source (and gate) to
rise above nominal clamped value. At the higher supply
voltages planned, this could cause excessive gate-source
voltages with resultant device destruction. Because of
this, the zener diode in dashed lines is installed, clamping
gate-source voltages to safe values. This component ap-
pears in Figure 9's final design. With this correction, be-
havior at higher supply voltages may be investigated.

2k
DUTY CYCLE

ADJUST
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Figure 05 shows the MOSFET drain at VSUPPLY= 160V.The
load draws about 2.5A. Flyback voltage rises to 400V. At
5A loading this voltage approaches 500V (Figure 06), while
10A load (Figure 07) forces almost 900V flyback. In actual
regulator operation, supply voltages, switch on·time and
output current can go higher, meaning flyback potentials

will exceed 1000V.This graphically mandates the need for
a damper network. A simple reverse-biased diode or zener
clipper will work, but will suffer from excessive dissipa-
tion. The network shown in Figure 9 is a good compromise
between dissipation and reasonable flyback voltages.
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Once the drive·flyback issues are settled, a feedback loop
is closed around the transformer. This allows checking to
see that loop stabilization is possible. Figure D8 diagrams
the loop. In this configuration the regulator will function,
but is unusable. The output is not galvanically isolated
from the input, which ultimately must be directly AC line·
driven. After this loop has been successfully closed, the
isolated version is tried (Figure D9). This introduces more

phase shift, but is also found to be stable with appropriate
frequency compensation. Finally, the connection between
the input and output common potentials is broken, achiev·
ing the desired galvanic isolation. The start·up, soft·start
and current limit features are then added and optimized.
Testing involves checking performance under various line
and load conditions. Details on circuit operation are cov·
ered in the text associated with Figure 9.

Figure 08. Developmental Version of Off·Line Switching Regulator-No Isolation is Included and the Scheme is Solely Intended to
Verify that a Loop Can be Closed Around the Transformer

Figure 09. Developmental Version of Off·Line Regulatorwith Isolation-the Circuit Verifies That Loop Stability is Achievable with the
Added Phase Shift of A1 and the Opto·lsolator-Start·Up, Current Limit and Soft-Start Features Must be Added to Complete the Design
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Interfacing the LTC1090
to the 8051 MCU

Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and soft·
ware required for communication between the LTC1090
10·bit data acquisition system and the MCS·S1 family of
microcontrollers (e.g., 8051). The four wire interface is
capable of completing a 10·bit conversion and transferring
the data to the 8051 in 102/Ls.Configuration of the 8051
and the LTC1090 will be discussed as it applies to this in·
terface. Schematics, code, and timing diagrams will be
discussed. Finally, a summary of results including data
throughput rates will be provided.

Interface Details

The serial port of the 8051 does not support the syn·
chronous, full duplex format used by the LTC1090. There·
fore it is necessary for the user to construct a serial port

LTC1090

cs".~(. °OUT

INPUTS • D'N.
SCLK

ACLK
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using four lines from one of the parallel ports available on
the 8051. The lines are set or cleared using the bit manipu·
lation features of the 8051. This provides a very flexible
serial port but the data shift rate is three to four times
slower than that available from microcontrollers with ded·
icated serial ports.

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. These lines may be tied together or run
separately. The 8051 provides a pin (ALE) which can be
used to drive the ACLK of the LTC1090 (option 1). A1terna·
tively, tying the clocks together saves one line that has to
go between the LTC1090 and the 8051 (option 2). However,
this implementation slows the data throughput rate due
to additional code. The schematic of Figure 1 shows both
of these options.

: OPTION 2
••••••••••••••••••••••• ALE

OPTION 1
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Hardware Description

The 8051 was simulated and the code for this interface
was developed on an Intel ICE252emulator.

Due to the weak pullups of the 8051, excess loading
should be avoided when examining the output of the
microcontroller.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using separate ACLK and SCLK
(option 1). The 8051 clock rate was 12MHz, producing a
2.0MHz clock on the ALE pin.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1090please see the
data sheet.

Software Description

The software simulates a serial port through bit manipula·
tion instructions of the 8051. Additionally, the software
generates a delay during which time the AID conversion
takes place.

The code sets up bit one of port one as an input by setting
it high. (Due to the weak pullup of the 8051,the DOUTpin of
the LTC1090can then drive the pin high or low.)

SCLK is initialized to a low state and CS is initialized to a
high state. A DINword of $00 is then loaded into the ac·

cumulator. An examination of Figure 3 and the data sheet
will show that this configures the LTC1090for CHOwith reo
spect to CH1, unipolar, MSB first and a 10·bit word length.
Next CS goes low. If the user is tying ACLK and SCLK to·
gether (option 2) it is then necesSaryto generate two clock
pulses to meet the deglitcher requirements. With separate
clocks (option 1) the NOP is necessary to allow sufficient
time for the deglitcher before starting to shift the data.
Data is moved from the P1.1 pin (DOUTof the LTC1090)to
the carry register and shifted one bit at a time into the ac·
cumulator. At the same time, the 8·bit DINword is shifted
from the accumulator into the carry register and output on
P1.2(DINof the LTC1090).

After the eight MSBs have been shifted, the contents of
the accumulator are stored in R2. The final two bits are
then shifted into the accumulator, placed in the most sig·
nificant bits and stored in R3.The data is left justified at
this point with the MSBs in R2 and the LSBs in R3. CS is
then raised and time (44 ACLK cycles) for the LTC1090 to
do its next conversion must be allowed before the next
read can be performed. If separate clocks are being used
(option 1), quite often the microcontroller will have other
tasks to accomplish and this time can be used produc·
tively. Otherwise, a routine such as the one labeled DELAY
can be used. With the clocks tied together (option 2), it is
necessary for the 8051 to manually clock the LTC109044
times and this free time is then lost as shown in Figure 7.
An example of this routine is labeled LOOP1.



If right justified data is required, the MSBF bit of the DIN
word could be cleared and the bits reversed (in this case
producing a DIN word of $90). Also it would be necessary
to swap the rotate left and rotate right instructions.

Isb
LSB o:IQ]~---f-ill-ed-w-it-h-Os--- R3

DOUT from LTC1090stored in 8051RAM

Figure 4. Memory Map

Summary

A four wire interface between the LTC1090 and the 8051
with a combined data conversion and transfer time of
1021's was demonstrated. It was shown that the ACLK of
the LTC1090 can be run separately from the SCLK by tyi ng
the ACLK to the ALE of the 8051. Alternatively, the two
clock pins can be tied together (saving one line at the ex-
pense of speed). The data can be either left justified or
right justified in the microcontroller's memory through the
proper choice of software and LTC1090 data format. The
code shown applies to all MCS-51 family members. The
same technique can be used on any parallel port
processor.
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MNEMONIC
MOV P1,#02H
CLR P1.3
SETB P1.4
MOV A,#ODH
CLR P1.4
MOV R4,#OBH
NOP
MOV C, P1.1
RLC A
MOV P1.2,C
SETB P1.3
CLR P1.3
DJNZ R4, LOOP
MOV R2,A
MOV C, P1.1
CLR A
RLC A
SETB P1.3
CLR P1.3
MOV C,P1.1
RRC A
RRC A
MOV R3,A
SETB P1.3
CLR P1.3
SETB P1.4

COMMENTS
BIT 1 PORT 1 SET AS INPUT
SCLK GOES LOW
CSGOES HIGH
DINWORD FOR LTC1090
CS GOES LOW
LOAD COUNTER
DELAY FOR DEGLITCHER
READ DATA BIT INTO CARRY
ROTATE DATA BIT INTO ACC
OUTPUT DINBITTO LTC1090
SCLK GOES HIGH
SCLK GOES LOW
NEXT BIT
STORE MSBs IN R2
READ DATA BIT INTO CARRY
CLEARACC
ROTATE DATA BIT INTO ACC
SCLK GOES HIGH
SCLK GOES LOW
READ DATA BIT INTO CARRY
ROTATE RIGHT INTO ACC
ROTATE RIGHT INTO ACC
STORE LSBs IN R3
SCLK GOES HIGH
SCLK GOES LOW
CSGOES HIGH

MOV R5,#07H LOAD COUNTER
DJNZ R5, DELAY GO TO DELAY IF NOT DONE
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LABEL MNEMONIC COMMENTS
MOV P1,#02H BIT1 PORT 1 SET AS INPUT
CLR P1.3 SCLK GOES LOW
SETB P1.4 CSGOESHIGH

CO NT MOV A, #ODH DINWORD FOR LTC1090
CLR P1.4 CSGOESLOW
SETB P1.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW
SETB P1.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW
MOV R4, #08H LOAD COUNTER

LOOP MOV C, P1.1 READ DATA BIT INTO CARRY
RLC A ROTATE DATA BIT INTO ACC
MOV P1.2,C OUTPUT DINBITTO LTC1 090
SETB P1.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW
DJNZ R4, LOOP NEXT BIT
MOV R2,A STORE MSBs IN R2
MOV C, P1.1 READ DATA BIT INTO CARRY
CLR A CLEARACC
RLC A ROTATE DATA BIT INTO ACC
SETB P1.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW
MOV C,P1.1 READ DATA BIT INTO CARRY
RRC A ROTATE RIGHT INTO ACC
RRC A ROTATE RIGHT INTO ACC
MOV R3,A STORE LSBs IN R3
SETB P1.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW
SETB P1.4 CSGOES HIGH Figure 7. Timing Diagram for Option 2

MOV R4, #2CH LOAD COUNTER
LOOP 1 SETB P1.3 SCLK GOES HIGH

CLR P1.3 SCLK GOES LOW
DJNZ R4, LOOP 1 GO TO LOOP 11F NOT DONE

Figure 6. 8051 Code for Option 2 (ACLK Tied to SCLK)



Interfacing the LTC1090
to the MC68HC05 MCU

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC1090 10·bit data acquisition system and the Motorola
SPI family of single chip microcomputers (e.g., 68HC05).
The simple four wire interface is capable of completing a
10·bit conversion and shifting the data to the 68HC05 in
49/ls. Configuration of the LTC 1090 and the 68HC05 will be
discussed as it applies to this interface. Schematics,
code, and timing diagrams will be shown. Finally, a sum·
mary of the key points of this interface will be given, in·
eluding data throughput rates.

Interface Details

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a synchronous, full
duplex format over DIN and DOUT.

The Motorola Serial Peripheral Interface (SPI) is a syn·
chronous, full duplex, serial port built into the 68HC05 that
allows the user to construct a simple communication path
to the LTC1090. SPI provides clock, data in and data out
lines that are compatible with the LTC1090. The only
additional line required is one programmable output pin
(CO) to control CS on the LTC1090. The schematic of
Figure 1 shows how the two devices are connected.

LTC 1090 MC68HC05

cs co~,,~\. 5CLK 5CK

INPUTS : D'N MOSI

•
Dour MISO

Figure 1. Schematic
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SPI
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MC68HC11

Hardware Description

The 68HC05 was emulated and the code for this interface
was developed on a Motorola M68HC05 EVM.

SS (Pin 34) of the 68HC05 must be held high to enable the
SPI properly for this interface.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using a 2MHz ACLK. The 68HC05
clock was 4MHz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1090 please see the
data sheet.
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Software Description

The software configures and controls the SPI oUhe
68HC05. Additionally, the software manipulates CO (CS of
the LTC1090)and generates a delay during which time the
LTC1090performs a conversion.

The code first configures the Serial Peripheral Control
Register (SPCR)of the SPI. The SPI interrupt is disabled.
The SPI outputs are enabled. The SPI is configured as a
master. Finally, the SPI clock is set to normally low, for
data transfer on the rising edge and for a frequency equal
to half the internal processor clock (one fourth the crystal
frequency).

Port C is configured as all outputs by placing ones in the
data direction register of port C. A DINword that config-
ures the LTC1090 for CHOwith respect to CH1, unipolar,
MSB first and a 16-bit word length is stored in $50. Figure 3
shows how the DINword is composed.

CO is made to go low. DINfor the LTC1090 is loaded into
the SPI data register. Storing DIN in the data register
causes the transfer to begin. After waiting for the first
eight bits to be transferred (8 NOPs) the status register of
the SPI is examined. This clears the SPIF bit of the status
register and allows the data register to be read, which is
the next step. The first eight bits containing the MSBs
from the LTC1090are then stored in $61 of the 68HC05 as
shown in Figure 4. The LSBs are transferred in the same
manner and stored in $62of the 68HC05. Notice in Figure 5

Isb
LSB CIIIJ----fi-lIe-d-w-ith-O-S --- $62

DOUTfrom LTC1090storedin MC68HC05RAM

that only 6 NOPs are used in transferring the LSBs. This is
because after 6 NOPs, time is consumed by the BSET
command which sets the CO pin of the 68HC05. The data
at this point is left justified.

At this time 44 ACLK cycles must be allowed for the AID to
perform its next conversion. Usually the processor will
have other tasks to perform during this time. If this is not
the case a string of NOPs or a simple delay loop can be
used to generate this delay.

The code was written for the 68HC05. By changing the ad-
dresses of the special function registers however, the
code should run on all of Motorola's SPI processors in-
cluding the 68HC11.

Summary

A four wire interface between the LTC1090 and the
68HC05 with a combined data conversion and transfer
time of 49JLs was demonstrated. The interface used the
serial (SPI) port of the 68HC05. The 10 data bits of the
LTC1090 are shifted MSB first in two eight bit transfers.
The data is stored left justified in the 68HC05's internal
RAM.

MNEMONIC COMMENTS
LDA #$50 CONFIGURATION DATA FOR SPCR
STA $OA LOAD DATA INTO SPCR ($OA)
LDA #$FF CON FIG. DATA FOR PORT C DDR
STA $06 LOAD DATA INTO PORT C DDR
LDA #$OF LOAD LTC1090 DINDATA INTO ACC
STA $50 LOAD LTC1090 DINDATA INTO $50
BCLR 0,$02 CO GOES LOW (CS GOES LOW)
LDA $50 LOAD DININTO ACC FROM $50
STA $OC LOAD DININTO SPI. START SCK

NOP 8 NOPs FOR TIMING

LDA $OB CHECK SPI STATUS REG
LDA $OC LOAD LTC1090 MSBs INTO ACC
STA $61 STORE MSBs IN $61
STA $OC START NEXT SPI CYCLE

NOP 6 NOPs FOR TIMING

BSET 0,$02 CO GOES HIGH (CS GOES HIGH)
LDA $OB CHECK SPI STATUS REGISTER
LDA $OC LOAD LTC1090 LSBs INTO ACC
STA $62 STORE LSBs IN $62

Figure 5. 68HC05 Code



Interfacing the LTC1090
to the HD63705VO MCU

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC1090 10-bit data acquisition system and the Hitachi
63705 microcomputer. The simple four wire interface is
capable of completing a 10-bit conversion and shifting the
data to the 63705 in 451ls. Configuration of the LTC1090
and the 63705 will be discussed as it applies to this inter-
face. Schematics, code, and timing diagrams will be
shown. Finally, a summary of the key points of this inter-
face will be given including data throughput rates.

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DIN and DOUT.

The Hitachi Serial Communication Interface (SCI) is a syn-
chronous, full duplex, serial port built into the 63705 that
allows the user to construct a simple communication path
to the LTC1090. SCI provides clock, transmit and receive
lines that are compatible with the LTC1090. The only
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additional line required is one programmable output pin
(CO) to control CS on the LTC1090. The schematic of Fig-
ure 1 shows how the two devices are connected.

Hardware Description

The 63705 was emulated and the code for this interface
was developed on a Hitachi H35MIX3 emulator.

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. ACLK of the LTC1090 was 2 MHz
and the 63705 clock was 4 MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1090 please see the
data sheet.



Software Description

The software configures and controls the SCI ofJbe 63705.
Additionally, the software manipulates CO (CS of the
LTC1090) and generates a delay during which time the
LTC1090 performs a conversion.

The code first configures the SCI control register (SCR).
D3 and D4 are set as the SCI output and input respectively.
D5 is selected as a clock output with a frequency one
fourth the crystal frequency. Next, the SCI status register
(SSR) is configured so that the interrupts are disabled.
Data is transmitted on the falling edge of the clock and re-
ceived on the rising edge of the clock.

Port C is configured as all outputs by setting the data
direction register (address $06). A DIN word that config-
ures the LTC1090 for CHO with respect to CH1, bipolar,
LSB first and a 16·bit word length is stored in $50. Figure 3
shows how the DIN word is composed. Note, that for LSB
first format the DIN word must be constructed opposite
from MSB first format. This is so that each bit of the DIN
word is always shifted into the LTC1090 in the same order.

CO is made to go low. DIN for the LTC1090 is loaded into
the SCI data register (SDR). Storing DIN in the SDR causes
the transfer to begin. After waiting for the first eight bits to
be transferred (6 NOPs) the data containing the LSBs from
the LTC1090 is loaded into the accumulator and then
stored in $61 of the 63705 RAM. The act of reading the
LSBs into the ACC causes the next SCI transfer to begin.
CO is set and the MSBs from the LTC1090 are loaded into
the ACC and then stored in $62 of the 63705 RAM.

Dour from LTC1090 stored in 63705 RAM
Figure 4. Memory Map

LABEL MNEMONIC COMMENTS
LDA #$EO CONFIGURATION DATA FOR SCR
STA $10 LOAD DATA INTO SCR ($10)
LDA #$30 CONFIGURATION DATA FOR SSR
STA $11 LOAD DATA INTO SSR ($11)
LDA #$FF CON FIG. DATA FOR PORT C DDR
STA $06 LOAD DATA INTO PORT C DDR
LDA #$CO LOAD LTC1090 DINDATA INTO ACC
STA $50 LOAD LTC1090 DINDATA INTO $50

START LDA $50 LOAD DININTO ~C FROM $50
BCLR 0,$02 COGOES LOW (CS GOES LOW)
STA $12 LOAD DININTO SDR. START SCK

NOP 6 NOPs FOR TIMING

LDA $12 LOAD LSBs. START NEXT CYCLE
STA $61 STORE LSBs IN $61
NOP 1 NOP FOR TIMING
BSET 0,$02 COGOES HIGH (CS GOES HIGH)
LDA $12 LOAD MSBs
STA $62 STORE MSBs IN $62

The data at this point is right justified with the sign bit (B9)
being extended into B1-B7 of $62 as shown in Figure 4.

At this time 44 ACLK cycles must be allowed for the AID to
perform its next conversion. Usually the processor will
have other tasks to perform during this time (you have to
do something with the data once the processor has it) . If
this is not the case, a string of NOPs or a simple delay
loop can be used to generate this delay.

Summary

A four wire interface between the LTC1090 and the Hitachi
63705 with a combined data conversion and transfer time
of 45/Ls was demonstrated. The interface used the serial
(SCI) port of the 63705. Because the SCI port transfers
data LSB first, care must be taken to properly construct
the DIN word so that the bits are transmitted in the proper
order to the LTC1 090. The 10 data bits of the LTC1090 are
shifted LSB first in two eight bit transfers. The data is
stored right justified in the 63705s internal RAM.



Interfacing the LTC1090
to the COP820C MCU

Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and software
required for communication between the LTC1090 10-bit
data acquisition system and the National Semi-
conductor COP800 microcontroller family which uses the
MICROWIREIPLUSserial interface. The simple four wire
interface is capable of completing a 1Q.bitconversion and
shifting the data in 56jLs.Configuration of the LTC1090and
the COP820Cwill be discussed as it applies to this inter-
face. Schematics, code, and timing diagrams will be shown.
Finally, a summary of the key points of this interface will be
given including data throughput rates.

Interface Details

The LTC1090has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DINand DOUT.
The National Semiconductor MICROWIREIPLUSis a syn-
chronous, full duplex, serial port built into the COP800
family that allows easy interface to the LTC1090.
MICROWIRE/PLUS provides clock, data in and data out
lines that are compatible with the LTC1090.One additional
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line (G1) is required to control the CS pin on the LTC1090.
The schematic of Figure 1 shows how the two devices are
connected.

Hardware Description

The actual interface was done using the COP820C,a mem-
ber of the COP800family. All code shown here should work
with any of the COP800family.

The code for this interface was developed on a COP820
evaluation board operated in the emulation mode.

The timing diagram of Figure 2 was obtained with an
HP1631Alogic analyzer using a 2MHz ACLK. The COP820C
clock was 5MHz. To obtain a 56jLstransfer time it is neces-
sary to run the COP820Cat 20MHz which requires a high
speed version of the part.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1090please see the
data sheet.
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Software Description

The software configures and controls the MICROWIREI
PLUS serial interface of the COP820C. Additionally, the
software manipulates G1 (CS of the LTC1090) and gener-
ates a delay during which time the LTC1090 performs a
conversion.

The code first loads the LTC1090 DIN word into memory
location. $FO. This DIN word configures the LTC1090 for
CHO with respect to CH1, MSB first, unipolar and 10 bits
as shown in Figure 3. Next port G is configured for
MICROWIRETM master mode and G1 is configured as an
output. The control register is initialized so that SO and SK
are outputs. The port G data register address is loaded
into the B register. At this point the COP820C is initialized
and the data transfer process is ready to begin.

The DIN word for the LTC1090 is then loaded into the ACC
from location $FO. G1 (CS) is cleared and DIN is transferred
into the MICROWIRE shift register. The BUSY bit of the
PSW register is set which starts the transfer of the first
eight bits. A delay consisting of 15 NOPs waits for the
data shift to finish at which time the Dour word from the
LTC1090 is loaded into the ACC. The busy bit is set again
which causes the transfer to continue. Then, the Dour
word in the ACC is stored in location $F3. The busy bit is
cleared which halts the transfer. Two more bits have been
shifted at this point. G1 (CS) is set and the contents of the

Dour from LTC1090 stored in COP820C RAM

Figure 4. Memory Map

MNEMONIC
LD(FO)-OD
LD (D5)-32
LD(EE)-8
LD(B)-D4
LD(AHFO)
RBIT1
X(A)--(E9)
LD(B)-EF
SBIT2

COMMENTS
LOAD ODINTO FO(DIN)
CONFIGURE PORT G
CONFIGURE CONTROL REG.
PORTG DATA REG. INTO B
LOAD DININTO ACC
G1 RESET (CS GOES LOW)
LOAD DININTO SHIFT REG.
LOAD psw REG AD DR IN B
TRANSFER BEGINS

X(A)--(E9)
SBIT2
X (A)--(F3)
RBIT2
LD(B)-D4
SBIT 1
X(A)--(E9)
RC
RRCA
RRCA
RRCA
X (A)--(F4)

LOAD DOUT INTO ACC
TRANSFER CONTINUES
LOAD Dour IN ADDR F3
STOP TRANSFER
PUT PORT G ADDR IN B
G1 SET (CS GOES HIGH)
LOAD Dour INTO ACC
CLEAR CARRY
SHIFT RIGHTTHRU CARRY
SHIFT RIGHTTHRU CARRY
SHIFT RIGHT THRU CARRY
LOAD Dour IN ADDR F4

MICROWIRE shift register are swapped with those of the
ACC. The carry is cleared and the data in the ACC is
shifted right, through the carry bit three times. This puts
the two LSBs of the Dour word in the MSBs of the ACC.
The contents of the ACC are then stored in $F4. The data
at this point is left justified as shown in Figure 4.

44 ACLK cycles must be allowed between transfers for the
AID to perform its next conversion. The instructions, after
G1 is set, take enough time so that no additional delay is
required by this program.

Summary

F3 A four wi re interface between the LTC1090 and the
COP820C with a combined data conversion and transfer
time of 56Jls was demonstrated. The interface used the

F4 MICROWIRE/PLUS serial port of the COP820C. The 10
data bits of the LTC1090 are shifted MSB first in one eight
bit and one two bit transfer. The data is stored left justified
in the COP820C's internal RAM.

MICROWIRE and MICROWIREIPLUS are trademarks of National
Semiconductor Corp.



Interfacing the LTC1090
to the TMS7742MCU

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC1090 10·bit data acquisition system and the TMS7000
family of microcomputers (e.g., TMS7742). The simple four
wire interface is capable of completing a 10·bit conversion
and shifting the data to the TMS7742 in 103/Ls. Configura·
tion of the LTC1090 and the TMS7742 will be discussed as
it applies to this interface. Schematics, code, and timing
diagrams will be shown. Finally, a summary of the key
points of this interface will be given including data
throughput rates.

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DINand DOUT.

The TMS7742 contains a synchronous, full duplex, serial
port that allows the user to construct a simple com·
munication path to the LTC1090. The serial port provides
clock, transmit and receive lines that are compatible with
the LTC1090. The only additional line required is one pro·

LTC1090 TMS7742

CS" AO~~f· SCLK SCLK

INPUTS : DIN TXD.
DOUT RXD

Application Note 26E

January 1988

grammable output pin (AO) to control CS on the LTC1090.
The schematic of Figure 1 shows how the two devices are
connected.

Hardware Description

The TMS7742 was chosen because it contains 4k of
EPROM which can be programmed using a standard
EPROM programmer. Any member of the TMS7000 family
which contains a serial port should be able to use this
code with only modifications to the peripheral register
numbers.

The timing diagram of Figure 2 was obt\l,ined using an
HP1631A logic analyzer. ACLK of the LTC1090 was 2 MHz
and the TMS7742 clock was 5 MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1090 please see the
data sheet.

Figure 2. Timing Diagram
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Software Description

The software configures and controls the serial port of the
TMS7742. Additionally, the software manipulates AO (CS
of the LTC1090) and generates a delay during which time
the LTC1090 performs a conversion.

The code first disables all interrupts and initializes the
stack. Next the serial port is configured. Tx is enabled, the
serial port is reset, and the SMODE register is configured
for 8 bits, no parity, and one stop bit. The SCLK rate is set
to the processor clock frequency divided by 4. The DIN
word of the LTC1090 is next loaded into the ACC. This DIN
word ($DF) configures the LTC1090 for CH7 with respect to
COM, unipolar mode, LSB first and a 16·bit word length.
Examine Figure 3 to see how this is constructed keeping
in mind that the TMS7742 transmits data LSB first.

A subroutine SXTNBIT is called next. This is a routine that
does the actual data shifting. AO (CS) is cleared. Then, the
LTC1090 DIN word is placed into the transmit buffer. The
serial port is turned on and the data is shifted while the
processor idles in a loop. The first eight bits containing
the LSBs are then placed in the B register. The procedure
is repeated for the next eight bits which contain the two
MSBs and the result is placed in the A register. AO (CS) is
then set and the subroutine returns to the original pro·
gram. The data in the A and B registers is then stored in R5
and R6.

At this time 44 ACLK cycles must be allowed for the AID to
perform its next conversion. Enough time is consumed by
this program however that no additional delay for the
conversion is required.

8 R6

Dour from LTC 1090 stored in TMS7742 RAM

LABEL MNEMONIC COMMENTS
START DINT DISABLES ALL INTERRUPTS

MOVP %>2A,PO DISABLE INTERRUPTFLAGS
MOVP % >02,P16 DISABLE INTERRUPTFLAGS
MOV % >60,B ADDRESSOF STACK
LDSP PUTADDRESSINTO POINTER
MOVP % >DF,P5 CONFIGURE PORTA
MOVP % >08,P6 ENABLETx BY SETTING B3= 1
MOVP % >OO,P17 P17POINTSTO SCTLO
MOVP % >40,P17 RESETTHE SERIAL PORT
MOVP % >OC,P17 CONFIGURETHE SERIAL PORT
MOVP % >00,P21 TURN STARTBIT OFF
MOVP %>OO,P17 ENABLETHE SERIAL PORT
MOVP % >00,P20 SETSCLK RATE(TIMER3)
MOVP %>CO,P21 STARTTIMER

LOOP MOV %>DF,A LOAD LTC1090DINWORD IN A
CALL SXTNBIT ROUTINETHATSHIFTS DATA
MOV B,R5 PUT FIRST8 LSBs IN R5
MOV A,R6 PUTMSBs IN R6

SXTNBIT ANDP %>FE,P4 AOCLEARED(CSGOES LOW)
MOVP A,P23 PUTLTC1090DININTOTXBUF
MOVP %>40,P21 SCLK OFF (TIMER3 DISABLED)
MOVP %>17,P17 ENABLESERIAL PORT
MOVP %>CO,P21 SCLK ON (TRANSFERBEGINS)
MOVP %>14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAIT1 DJNZ A,wAln LOOPWHILE SHIFT OCCURS
NOP DELAY
MOVP P22,B PUTDOUT FROM LTC1090IN B
MOVP A,P23 LOADTXBUF
MOVP % >40,P21 SCLK OFF (TIMER3 DISABLE)
MOVP % > 17,P17 ENABLE SERIAL PORT
MOVP %>CO,P21 SCLK ON (TRANSFERBEGINS)
MOVP %>14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAIT2 DJNZ A,WAIT2 LOOPWHILE SHIFT OCCURS
NOP DELAY
MOVP P22,A PUTDOUT FROM LTC1090IN A
ORP %>01,P4 AOSET(CSGOES HIGH)
RETS RETURNTO MAIN PROGRAM

Figure 5. TMS7742 Code

Summary

A four wire interface between the LTC1090 and the
TMS7742 with a combined data conversion and transfer
time of 103/ls was demonstrated. The interface used the
serial port of the TMS7742. Because the serial port trans·
fers data LSB first, care must be taken to properly con·
struct the DIN word so that the bits are transmitted in the
proper order to the LTC1090. The 10 data bits of the
LTC1090 are shifted LSB first in two eight bit transfers.
The data is stored right justified in the TMS7742's internal
RAM.
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Interfacing the LTC1090
to the COP402N MCU

Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and software
required for communication between the LTC1090 10·bit
data acquisition system and the National Semi·
conductor COP400 microcontroller family which uses the
MICROWIRE serial interface. The simple four wire interface
is capable of completing a 10·bit conversion and shifting
the data in 100lls. Configuration of the LTC1090 and the
COP402N will be discussed as it applies to this interface.
Schematics, code, and timing diagrams will be shown.
Finally, a summary of the key points of this interface will be
given including data throughput rates.

Interface Details

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DIN and DOUT.

The National Semiconductor MICROWIRE interface is a
synchronous, full duplex, serial port built into the COP400
family that allows the user to easily interface to the
LTC1090. MICROWIRE provides clock, data in and data
out lines that are compatible with the LTC1090. One addi·
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tional line (GO) is required to control the CS pin on the
LTC1090. The schematic of Figure 1 shows how the two
devices are connected.

Hardware Description

The actual interface will involve using the COP402N, a
member of the COP400 family. All code shown here should
work with any of the COP400 family.

The code for this interface was developed on a COP400
evaluation board which allows an external EPROM to be
used in place of the internal processor ROM.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using a 2MHz ACLK. The COP402N
clock was 4M Hz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1090 please see the
data sheet.
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Software Description

The software configures and controls the MICROWIRE
serial interface of the COP402N. Additionally, the software
manipulates GO(CS of the LTC1090) and generates a delay
during which time the LTC1090 performs a conversion.

The code first initializes the B register and then loads the
LTC1090 DIN word into the RAM of the COP402 one nibble
at a time. As shown in Figure 3 the DIN word configures the
LTC1090 for CHO with respect to COM, unipolar, MSB first,
and 12 bits. SO is configured as an output. The carry is set
so that when an XAS instruction is generated the shift
clock (SK) will begin clocking data.

The first nibble of the DIN word is loaded into the ACC and
GO (CS) is cleared. The DIN nibble is loaded into the shift
register and the data begins to shift. The second nibble of
the DIN word is loaded into the ACC. One NOP is allowed
for timing and then the contents of the ACC are swapped
with those of the shift register. The MSBs of the LTC1090
DOUTword are now in the ACC. This data is then stored in
memory location $13. The ACC is loaded with null data
from RAM and another swap between the ACC and the
shift register is executed. The next DOUTnibble is stored in
$14. The carry is cleared so that on the next XAS instruc-
tion the shift clock will stop. The XAS instruction is
executed and the final nibble of the LTC1090 DOUTword
containing the two LSBs and two zeroes is loaded into the

$10 $11
o 0

MSB
~$13

~$14

LSB
~$15

MNEMONIC COMMENTS
CLRA MUST BE FIRST INSTRUCTION
LBI 1,0 BR = 1 BD = 0 INITIALIZE B REG.
STII 8 FIRST DIN NIBBLE IN $10
STII E SECOND DINNIBBLE IN $11
STII 0 NULL DATA IN $12, B = $13
LEI C SETEN TO (1100) BI N
SC CARRY SET
LDD 1,0 LOAQ.FIRST DINNIBBLE IN ACC
OGI 50 GO(CS) CLEARED
XAS ACCTOSHIFT REG. BEGIN SHIFT
LDD 1,1 LOAD NEXT DINNIBBLE IN ACC
NOP TIMING
XAS NEXT NIBBLE, SHIFT CONTINUES
XIS 0 FIRST NIBBLE Dour TO $13
LDD 1,2 PUT NULL DATA IN ACC
XAS SHIFT CONTINUES, Dour TO ACC
XIS 0 NEXT NIBBLE DOUTTO $14
RC CLEAR CARRY
CLRA CLEARACC
XAS THI~ NIBBLE DouTTO ACC
OGI 51 GO(CS) SET
XIS 0 THIRD NIBBLE Dour TO $15
LBI 1,3 SET B REG. FOR NEXT LOOP

ACC. GO(CS) is taken high and the AID begins its next con·
version cycle. The third DOUTnibble is stored in location
$15. The B register is then reinitialized so that when the
loop is run again the data will always be stored in the
same memory locations. The DOUTdata from the LTC1090
is now in a left justified format as shown in Figure 4.

44 ACLK cycles must be allowed between transfers for the
AID to perform its next conversion. The instructions, after
GO is set, take enough time so that no additional delay is
required by this program.

Summary

A four wire interface between the LTC1090 and the
COP402N with a combined data conversion and transfer
time of 100/ls was demonstrated. The interface used the
MICROWIRE serial port of the COP402N. The 10 data bits
of the LTC1090 are shifted MSB first in three four bit trans-
fers with the last two bits filled with zeroes. The data is
stored left justified in the COP402N's internal RAM. The
code demonstrated will work on any member of the
COP400 family.



Interfacing the LTC1091
to the 8051 MCU
Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and soft·
ware required for communication between the LTC1091
10·bit data acquisition system and the MCS·51 family of
microcontrollers (e.g., 8051). The three wire interface is
capable of completing a 10·bil conversion and transferring
the data to the 8051 in 57/Ls. Configuration of the 8051 and
the LTC1091 will be discussed as it applies to this inter·
face. Schematics, code, and timing diagrams will be dis·
cussed. Finally, a summary of results including data
throughput rates will be provided.

Interface Details

The serial port of the 8051 does not support the syn·
chronous, half duplex format used by the LTC1091. There·
fore it is necessary for the user to construct a serial port
using three lines from one of the parallel ports available
on the 8051. The lines are set or cleared using the bit
manipulation features of the 8051. This provides a very
flexible serial port.

The data lines (DIN and DOUT)of the LTC1091 can be tied
together as shown in Figure 1. This can be done because
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the 1/0 pins on the 8051 can be configured as either inputs
or outputs independently of one another during the data
transfer.

Hardware Description

The 8051 was simulated and the code for this interface
was developed on an IntellCE252 emulator.

Due to the weak pull ups of the 8051, excess loading
should be avoided when examining the output of the
microcontroller.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer. The 8051 clock rate was 2MHz.
The clock could be run as high as 12MHz yielding the mini·
mum conversion and transfer time of 57/Ls.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1091 please see the
data sheet.
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Software Description

The software simulates a serial port through bit manipula-
tion instructions of the 8051.

CS is initialized by setting it high. Next the DIN word for
the LTC1091 is loaded into the accumulator. The LTC1091
is configured for MSB first and CH1 with respect to
ground. Note that only the first four most significant bits
of the byte loaded into the accumulator are sent to the
LTC1091. The four LSBs of the DIN word are don't cares.

CS is then cleared and a counter is set to four (the number
of bits in the DIN word). For each of the four DIN bits the
accumulator is shifted left with the MSB going into the
carry bit. SCLK is cleared. The carry bit is output to DIN
and SCLK is set. The counter is decremented and checked
and if all four bits have been output, P1.2 (DIN and DOUT) is
set. This allows the pin to be used as an input now, to read
the data in from the LTC1091.

SCLK is then cleared and the counter is set to nine (the
first bit shifted out from the LTC1091 is a dummy, so nine
shifts are required to fill the first byte.). The eight MSBs
are read in the same manner as the DIN word was output.
The eight MSBs are stored in R2 and the remaining two
LSBs are read into the accumulator. The LSBs are shifted
into the MSBs of the accumulator and the remainder of the
accumulator is masked to zeroes. The LSBs are then
stored in R3 as shown in Figure 4. CS is then set and the
process is completed. At this point the data is left
justified.

COMMENTS
CSGOES HIGH
DINWORD FOR LTC1091
CSGOESLOW
LOAD COUNTER
ROTATE DINBIT INTO CARRY
SCLK GOES LOW
OUTPUT DINBIT TO LTC1091
SCLK GOES HIGH
NEXT BIT
BIT 2 BECOMES AN INPUT
SCLK GOES LOW
LOAD COUNTER
READ DATA BIT INTO CARRY
ROTATEDATA BIT INTO CARRY
SCLK GOES HIGH
SCLK GOES LOW
NEXT BIT
STORE MSBs IN R2
READ DATA BIT INTO CARRY
SCLK GOES HIGH
SCLK GOES LOW
CLEARACC
ROTATE DATA BIT TO ACC
READ DATA BIT INTO CARRY
ROTATE RIGHT INTO ACC
ROTATE RIGHT INTO ACC
MASK UNUSED BITS
STORE LSBs IN R3
CSGOESHIGH

LABEL
BEGIN
AGAIN

MNEMONIC
SETB P1.4
MOV A,#FFH
CLR P1.4
MOV R4,#04H
RLC A
CLR P1.3
MOV P1.2,C
SETB P1.3
DJNZ R4, LOOP 1
MOV P1,#04H
CLR P1.3
MOV R4,#09H
MOV C, P1.2
RLC A
SETB P1.3
CLR P1.3
DJNZ R4, LOOP
MOV R2,A
MOV C, P1.2
SETB P1.3
CLR P1.3
CLR A
RLC A
MOV C, P1.2
RRC A
RRC A
ANL A,#COH
MOV R3,A
SETB P1.4

Summary

A three wire interface between the LTC1091 and the 8051
with a combined data conversion and transfer time of 57P.s
was demonstrated. The data is transferred MSB first and
resides in two bytes of the 8051 RAM in a left justified for-
mat. The code shown applies to all MCS-51 family memo
bers. The same technique can be used on any parallel port
processor which allows individual bits to be programmed
as inputs or outputs.

LSB
LSB D:IQJ----f-ill-ed-w-il-h-Os--- R3

DOUT from LTC1091 stored in 8051 RAM



Interfacing the LTC 1091
to the MC68HC05 MCU

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC109110·bit data acquisition system and the Motorola
SPI family of single chip microcomputers (e.g., 68HC05).
The simple four wire interface is capable of completing a
10·bit conversion and shifting the data to the 68HC05 in
581ls.Configuration of the LTC1091and the 68HC05will be
discussed as it applies to this interface. Schematics,
code, and timing diagrams will be shown. Finally, a sum·
mary of the key points of this interface will be given, in·
cluding data throughput rates.

Interface Details

The LTC1091 has one clock line which controls the AID
conversion rate and the data shift rate. Data is transferred
in a half duplex, synchronous format over DINand Dour.

The Motorola Serial Peripheral Interface (SPI) is a syn·
chronous, full duplex, serial port built into the 68HC05that
allows the user to construct a simple communication path
to the LTC1091.SPI provides clock, data in and data out
lines that are compatible with the LTC1091. The only

CS" co
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Dour MISO
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additional line required is one programmable output pin
(CO)to control cs on the LTC1091. The schematic of
Figure 1 shows how the two devices are connected.

Hardware Description

The 68HC05was emulated and the code for this interface
was developed on a Motorola M68HC05EVM.

SS (Pin 34)of the 68HC05 must be held high to enable the
SPI properly for this interface.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using a 4MHz clock for the
68HC05.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1091please see the
data sheet.
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MNEMONIC COMMENTS
LOA #$51 DATA FOR SPCR
STA $OA LOAD DATA INTO SPCR
LOA #$FF DATA FOR DDR
STA $06 CONFIGURE PORT C DDR
LOA #$7F DINWORD FOR LTC1091
STA $50 PUT DINWORD IN $50
BCLR 0,$02 co (CS) GOES LOW
LOA $50 PUT DINWORD IN ACC
STA $OC START TRANSFER
TST $OB TEST IF DONE
BPL TEST IF NOTTRY AGAIN
LOA $OC LOAD MSBs IN ACC
STA $OC START NEXT TRANSFER
AND #$03 MASK UNUSED BITS
STA $60 STORE MSBs IN $60
TST $OB TEST IF DONE
BPL TEST1 IF NOTTRY AGAIN
BSET 0, $02 CO(CS) GOES HIGH
LOA $OC PUT LSBs IN ACC
STA $61 PUT LSBs IN $61

Software Description

The software configures and controls the SPI of the
68HC05. Additionally, the software manipulates CO(CS of
the LTC1091).

The code first configures the Serial Peripheral Control
Register (SPCR) of the SPI. The SPI interrupt is disabled.
The SPI outputs are enabled. The SPI is configured as a
master. Finally, the SPI clock is set to normally low, for
data transfer on the rising edge and for a frequency equal
to one fourth the internal processor clock (one eighth the
crystal frequency).

Port C is configured as all outputs by placing ones in the
data direction register of port C. A DIN word that config-
ures the LTC1091 for CH1 with respect to ground and MSB
first is stored in $50. Figure 3 shows how the DIN word is
composed. Leading zeroes in the DIN word are ignored.
This makes it easy to position the DOUT word on exact byte
boundaries so that shifting the data to right justify it is not
necessary.

CO is made to go low. DIN for the LTC1091 is loaded into
the SPI data register. Storing DIN in the data register
causes the transfer to begin. The ~tatus register of the SPI
is tested until the SPIF bit is set which indicates the trans-
fer is finished. Reading the SPI status register clears the
SPIF bit and allows the data register to be read, which is
the next step. The first eight bits containing the MSBs
from the LTC1091 are then stored in $60 of the 68HC05 as
shown in Figure 4. The LSBs are transferred in the same
manner and stored in $61 of the 68HC05.

0 1 1 1 1 1 1 1
don't don't don't

Ignore Start SID o/s MSBF care care care

LSB
LSB D:IQ]~--fi-Ile-d -wi-th-Os--- $61

DOUT from LTC1091stored in 68HC05RAM

Figure 5. 68HC05 Code

The code was written for the 68HC05. By changing the ad-
dresses of the special function registers however, the
code should run on all of Motorola's SPI processors in-
cluding the 68HC11.

Summary

A four wire interface between the LTC1091 and the
68HC05 with a combined data conversion and transfer
time of 58Jls was demonstrated. The interface used the
serial (SPI) port of the 68HC05. The 10 data bits of the
LTC1091 are shifted MSB first in two eight bit transfers.
The data is stored left justified in the 68HC05's internal
RAM.



Interfacing the LTC1091
to the COP820C MCU

Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and software
required for communication between the LTC1091 10-bit
data acquisition system and the National Semi-
conductor COP800 microcontroller family which uses the
MICROWIRE/PLUS serial interface. The simple four wire
interface is capable of completing a 10-bit conversion and
shifting the data in 45/Ls.Configuration of the LTC1091 and
the COP820C will be discussed as it applies to this
interface. Schematics, code, and timing diagrams will be
shown. Finally, a summary of the key points of this interface
will be given including data throughput rates.

Interface Details

The LTC1091 clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a half duplex,
synchronous, format over DIN and Dour.

The National Semiconductor MICROWIRE/PLUS is a syn-
chronous, full duplex, serial port built into the COP800
family that allows easy interface to the LTC1091.
MICROWIRE/PLUS provides clock, data in and data out
lines that are compatible with the LTC1091. One additional
line (G1) is required to control the CS pin on the LTC1091.
The schematic of Figure 1 shows how the two devices are
connected.

LTC1091 COP820C

cs Gl

CHO
CLK SK

CH1
O'N so
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Hardware Description

The actual interface was done using the COP820C, a mem-
ber of the COP800 family. All code shown here should work
with any of the COP800 family.

The code for this interface was developed on a COP820
evaluation board operated in the emulation mode.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer. A 5MHz COP820C clock (2/Ls
instruction cycle) was used. By operating the MCU with a
1/Ls instruction cycle (high speed option) the minimum
conversion and transfer time of 45/Ls is achieved.

The analog section of the schematic in Figure 1 is omitted
for clarity. for a complete discussion of the analog con-
siderations involved in using the LTC1091 please see the
data sheet.
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Software Description

The software configures and controls the MICROWIREI
PLUS serial interface of the COP820C.Additionally, the
software manipulates G1(CSof the LTC1091).

The code first loads the DIN word of the LTC1091into the
memory address $FO.The DIN word ($7F)contains a lead-
ing zero which is ignored, followed by a start bit. The next
two bits configure the LTC1091 for CH1 with respect to
ground. The fifth bit configures the AID for MSB first mode
and the remaining three LSBsare ignored as shown in Fig-
ure 3.

Next port G is configured such that pin G1 is an output
and the MICROWIRE/PLUSserial port is a master.The con-
trol register is configured to enable SO and SK. Also the
SK divide by is set up in such a way that the SK clock rate
is equal to the crystal frequency divided by 20. The ad·
dress of the port G data register is put into the B register
so that the individual bits of port G can be manipulated.
G1(CS)is then initialized by setting it high.

The DIN word is then loaded into the accumulator. G1 is
cleared and the LTC1091 DIN word is loaded into the
MICROWIRETMshift register. The busy bit is set which be·
gins the data transfer. 16 NOPs are used as a timer to
allow the transfer to be completed. After the transfer is
complete the DOUT information is loaded into the accumu-
lator and the next eight bits start to shift. The six MSBs in
the accumulator are set to zeroes and the result is stored
in $F3. Nine NOPs are then used to wait until the second
eight bits have been shifted. G1 (CS) is then set and the

0 1 1 1 1 1 1 1
don't don't don't

Ignore Start SID o/s MSBF care care care

_________ MSB

[UTI
LSB

o
DOUT from LTC1091stored in COP820CRAM

Figure 4. Memory Map

MNEMONIC
LD(FO)-$7F
LD(D5)-$32
LD(EE)-$08
LD(B)-$D4
SBIT1
LD(A)-(FO)
RBIT1
X (A)--(E9)
LD(B)-$EF
SBIT2

COMMENTS
LOAD DINWORD INTO $FO
G11S OUT, MICROWIRE MASTER
ENABLE SO, SK
PORT G DATA ADDR INTO B
G1 SET (CS GOES HIGH)
PUT LTC1091 DINWORD IN ACC
G1 CLEARED (CS GOES LOW)
DININ MICROWIRE SHIFT REG.
PUT psw REG. ADDRINTO B
BUSY BIT SETTRANSFER START

LOAD DOUTINTO ACC
BUSY BIT SETTRANSFER START
MASK OUT UNUSED BITS
LOAD DOUTINTO ADDR F3

PORT G DATA REG. ADDRIN B
G1 SET (CS GOES HIGH)
LOAD DOUTINTO ACC
LOAD LSB INTO ADDR F4

data is loaded into the accumulator. The LSBs are then
loaded into memory location $F4. The data at this point is
right justified. With the appropriate shift routine the data
can be easily left justified.

Summary

A four wire interface between the LTC1091 and the
COP820Cwith a combined data conversion and transfer
time of 45/1swas demonstrated. The interface used the
MICROWIRE/PLUSserial port of the COP820C. The 10
data bits of the LTC1091are shifted MSB first in two eight
bit transfers. The data is stored right justified in the
COP820C'sinternal RAM.

MICROWIRE and MICROWIREIPLUS are trademarks of National
Semiconductor Corp.

X (A)--(E9)
SBIT2
AND #03
X (A)--(F3)

LD(B)-$D4
SBIT1
X (A)--(E9)
X (A)--(F4)



Interfacing the LTC1091
to the TM3??42 MCU

Introduction

This application note describes an interface between the
LTC109110·bit data acquisition system and the TMS7000
family of microcomputers (e.g., TMS7742). The simple four
wire interface is capable of completing a 10·bit conversion
and shifting the data to the TMS7742 in 9911s.Configura-
tion of the LTC1091 and the TMS7742 will be discussed as
it applies to this interface. Schematics, code, and timing
diagrams will be shown. Finally, a summary of the key
points of this interface will be given including data
throughput rates.

Interface Details

The LTC1091 clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a syn·
chronous, half duplex format over DINand Dour.

The TMS7742 contains a synchronous, full duplex, serial
port that allows the user to construct a simple com-
munication path to the LTC1091. The serial port provides
clock, transmit and receive lines that are compatible with
the LTC1091. The only additional line required is one pro-
grammable output pin (AO)to control CS on the LTC1091.

2
ANALOG
INPUTS

cs AO

- CLK SCLK

-
O'N TXD

°OUT RXD
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The schematic of Figure 1 shows how the two devices are
connected.

Hardware Description

The TMS7742 was chosen because it contains 4k of
EPROM which can be programmed using a standard
EPROM programmer. Any member of the TMS7000 family
which contains a serial port should be able to use this
code with only modifications to the peripheral register
numbers.

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. The TMS7742 clock was 5 MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1091 please see the
data sheet.
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Software Description

The software configures and controls the serial port of the
TMS7742. Additionally, the software manipulates AO (CS
of the LTC1091).

The code first disables all interrupts and initializes the
stack. The data direction register for the A port then sets
A5 (RXD) as an input and all other bits including AO (CS) as
outputs. Next the serial port is configured. Tx is enabled,
the serial port is reset, and the SMODE register is config·
ured for 8 bits, no parity, and one stop bit. The SCLK rate is
set to the processor clock frequency divided by 4.

The SCLK is turned off and AO (CS) is cleared. The DIN
word of the LTC1091 is loaded into the TXBUF. This DIN
word (07) configures the LTC1091 for CH1 with respect to
ground and LSB first. Examine Figure 3 to see how this is
constructed keeping in mind that the TMS7742 transmits
data LSB first. The serial port and SCLK are turned on and
the data is shifted while the processor idles in a loop. The
first eight bits contain the DIN word and the first three
MSBs of the DOUT word. (The LTC1091 clocks out the data
MSB first and then LSB first when in the LSB first mode.)
The serial port is turned on again and the next eight bits
containing the rest of the MSB first data and the first two
bits of the LSB first data are shifted while the processor
idles in a loop. The data containing the LSBs is then
placed in the B register. The procedure is repeated for the
next eight bits which contain the MSBs and the result is
placed in the A register. AO (CS) is then set. The data in the
B register is stored in R5. If desired the lowest six bits of
the B register can be cleared by adding them with $CO. The
data in the A register is stored in R6. The data is now
stored left justified as shown in Figure 4.

DOUT from LTC1091 stored in TMS7742 RAM
Figure 4. Memory Map

LABEL MNEMONIC COMMENTS
START DINT DISABLESALL INTERRUPTS

MOVP %>2A,PO DISABLE INTERRUPTFLAGS
MOVP % >02,P16 DISABLE INTERRUPTFLAGS
MOV %>60,B ADDRESSOF STACK
LDSP PUTADDRESSINTO POINTER
MOVP %>DF,P5 CONFIGURE PORTA
MOVP %>08,P6 ENABLETx BYSETIING B3 = 1
MOVP % >OO,P17 P17POINTSTO SCTLO
MOVP % >40,P17 RESETTHE SERIAL PORT
MOVP % >OC,P17 CONFIGURETHE SERIAL PORT
MOVP % >00,P21 TURN STARTBIT OFF
MOVP % >OO,P17 ENABLETHE SERIAL PORT
MOVP % >00,P20 SETSCLK RATE(TIMER3)

LOOP MOVP % >40,P21 SCLKOFF
ANDP % >FE,P4 AOCLEARED(CS GOESLOW)
MOVP % >07,P23 PUll TC1091 DININTO TXBUF
MOVP % > 17,P17 ENABLE SERIAL PORT
MOVP % >CO,P21 SCLK ON (TRANSFERBEGINS)
MOVP % >14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAIT DJNZ A,WAIT LOOPWHILE SHIFT OCCURS
NOP MOREDELAY
MOVP % > 17,P17 ENABLE SERIAL PORT
MOVP 'I,> 14,P17 TXEN GOES LOW
MOV % >02,A LOAD COUNTER

WAin DJNZ A,WAln LOOPWHILE SHIFT OCCURS
NOP DELAY
MOVP P22,B PUTDOUT FROM LTC1091IN B
MOVP %>17,P17 ENABLE SERIAL PORT
MOVP %>14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAIT2 DJNZ A,WAIT2 LOOPWHILE SHIFT OCCURS
NOP DELAY
MOVP P22,A PUTDOUT FROM LTC1091IN A
ORP % >01,P4 AOSET (CS GOES HIGH)
MOV B,R5 PUT FIRST2 LSBs IN R5
MOV A,R6 PUTMSBs IN R6

Figure 5. TMS7742 Code

Summary

A four wire interface between the LTC1091 and the
TMS7742 with a combined data conversion and transfer
time of 99!!s was demonstrated. The interface used the
serial port of the TMS77 42. Because the serial port trans-
fers data LSB first, care must be taken to properly con·
struct the DIN word so that the bits are transmitted in the
proper order to the LTC1 091. The 10 data bits of the
LTC1091 are shifted LSB first in three eight bit transfers.
The data is stored left justified in the TMS7742's internal
RAM.



Interfacing the LTC1091
to the COP402N MCU

Introduction

This application note describes the hardware and software
required for communication between the LTC1091 10·bit
data acquisition system and the National Semi·
conductor COP400 microcontroller family which uses the
MICROWIRE serial interface. The simple four wire interface
is capable of completing a 10-bit conversion and shifting
the data in 116Jls. Configuration of the LTC1091 and the
COP402N will be discussed as it applies to this interface.
Schematics, code, and timing diagrams will be shown.
Finally, a summary of the key points of this interface will be
given including data throughput rates.

Interface Details

The LTC1091 clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a half duplex
format over DIN and DOUT.

The National Semiconductor MICROWIRE interface is a
synchronous, full duplex, serial port built into the COP400
family that allows the user to easily interface to the
LTC1091. MICROWIRE provides clock, data in and data
out lines that are compatible with the LTC1091. One add i-

lTC1091 CoP402

"CS GO

2 ClK SK
ANALOG
INPUTS o'N SO

oOUT SI

Figure 1. Schematic
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tional line (GO) is required to control the CS pin on the
LTC1091. The schematic of Figure 1 shows how the two
devices are connected.

Hardware Description

The actual interface will involve using the COP402N, a
member of the COP400 family. All code shown here should
work with any of the COP400 family.

The code for this interface was developed on a COP400
evaluation board which allows an external EPROM to be
used in place of the internal processor ROM.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer. The COP402N clock was 4MHz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1091 please see the
data sheet.
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Software Description

The software configures and controls the MICROWIRE
serial interface of the COP402N. Additionally, the software
manipulates GO(CS of the LTC1091).

The code first initializes the B register and then loads the
LTC1091 DIN word into the RAM of the COP402 one nibble
at a time. As shown in Figure 3 the DINword configures the
LTC1091 for CH1 with respect to GND and MSB first. SO is
configured as an output. The carry is set so that when an
XAS instruction is generated the shift clock (SK) will begin
clocking data.

The first nibble of the DINword is loaded into the ACC and
GO (CS) is cleared. The DIN nibble is loaded into the shift
register and the data begins to shift. The second nibble of
the DIN word is loaded into the ACC. One NOP is allowed
for timing and then the contents of the ACC are swapped
with those of the shift register. The transfer continues.
One NOP is allowed for timing. The second DIN nibble is
loaded into the ACC again and the contents of the ACC
are swapped with those of the shift register. The MSBs of
the LTC1091 DOUTword are now in the ACC. This data is
then stored in memory location $13. The ACC is loaded
with the second DIN nibble from RAM and another swap

MSB
~$13

~$14

LSB
~$15

lABEL MNEMONIC COMMENTS
ClRA MUST BE FIRST INSTRUCTION
lBI 1,1 BR = 1 BD = 11NITIAUZE B REG.
STII 7 FIRST DINNIBBLE IN $11
STII 8 SECOND DINNIBBLE IN $12
lEI 8 SET EN TO (1000) BIN
SC CARRY SET
lDD 1,1 lOAD FIRST DINNIBBLE IN ACC
OGI 50 GO(CS) CLEARED
XAS ACC TO SHIFT REG. BEGIN SHIFT
LDD 1,2 LOAD NEXT DINNIBBLE IN ACC
NOP TIMING
XAS NEXT NIBBLE, SHIFT CONTINUES
NOP TIMING
lDD 1,2 lOAD NUll DATA IN ACC
XAS NEXT NIBBLE, SHIFT CONTINUES
XIS 0 FIRST NIBBLE Daul TO $13
lDD 1,2 lOAD NULL DATA IN ACC
XAS SHIFT CONTINUES, Daul-ACC
XIS NEXT NIBBLE Daul TO $14
RC CLEAR CARRY
CLRA CLEARACC
XAS THIRD NIBBLE Daul TO ACC
OGI 51 GO(CS)SET
XIS 0 THIRD NIBBLE Daul TO$15
LBI 1,3 SET B REG. FOR NEXT LOOP

Figure 5. COP402 Code

between the ACC and the shift register is executed. The
next DOUTnibble is stored in $14. The carry is cleared so
that on the next XAS instruction the shift clock will stop.
The XAS instruction is executed and the final nibble of the
LTC1091 DOUTword containing the LSBs is loaded into the
ACC. GO(CS) is taken high. The third DOUTnibble is stored
in location $15. The B register is then reinitialized so that
when the loop is run again the data will always be stored
in the same memory locations. The DOUTdata from the
LTC1091 is now in a right justified format as shown in
Figure 4.

Summary

A four wire interface between the LTC1091 and the
COP402N with a combined data conversion and transfer
time of 116/Ls was demonstrated. The interface used the
MICROWIRE serial port of the COP402N. The 10 data bits
of the LTC1091 are shifted MSB first in four four bit trans-
fers. The data is stored right justified in the COP402N's in·
ternal RAM. The code demonstrated will work on any
member of the COP400 family.



Interfacing the LTC1091
to the HD637050 MCU

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC1091 10-bit data acquisition system and the Hitachi
63705 microcomputer. The simple four wire interface is
capable of completing a 10-bit conversion and shifting the
data to the 63705 in 84/Ls. Configuration of the LTC1091
and the 63705 will be discussed as it applies to this inter-
face. Schematics, code, and timing diagrams will be
shown. Finally, a summary of the key points of this inter-
face will be given including data throughput rates.

Interface Details

The LTC1091 clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a half duplex
synchronous format over DINand DOUT.

The Hitachi Serial Communication Interface (SCI) is a syn-
chronous, full duplex, serial port built into the 63705 that
allows the user to construct a simple communication path
to the LTC1091. SCI provides clock, transmit and receive
lines that are compatible with the LTC1091. The only
additional line required is one programmable output pin

LTC1091 HD63705
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(CO) to control CS on the LTC1091. The schematic of Fig-
ure 1 shows how the two devices are connected.

Hardware Description

The 63705VOC was chosen for this application because it
contains 4k bytes of EPROM which can be programmed by
a 27256 EPROM programmer. The code shown will work on
the 6305VO without modification.

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. The 63705 clock was 4 MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1091 please see the
data sheet.



Application Note 26L

Software Description

The software configures and controls the SCI of the 63705.
Additionally, the software manipulates CO (CS of the
LTC1091).

The code first configures the SCI control register (SCR).
D3 and D4 are set as the SCI output and input respectively.
D5 is selected as a clock output with a frequency one
eighth the crystal frequency. Next, the SCI status register
(SSR) is configured so that the interrupts are disabled.
Data is transmitted on the falling edge of the clock and reo
ceived on the rising edge of the clock.

Bit 0 of Port C is configured as an output by setting the
first bit of the data direction register (address $06) to one.
A DIN word that configures the LTC1091 for CH1 with reo
spect to ground and LSB first is stored in $50. Figure 3
shows how the DIN word is composed. Note, that for LSB
first format the DIN word must be constructed opposite
from MSB first format.

CO is made to go low. DIN for the LTC1091 is loaded into
the SCI data register (SDR). Storing DIN in the SDR causes
the transfer to begin. When LSB first is selected, the
LTC1091 first clocks out the data MSB first and then
clocks out the data LSB first. After waiting for the first
eight bits to be transferred the data containing the MSBs
is loaded into the ACC. This starts the next transfer. The
next eight bits are then shifted out and the first two LSBs
from the LTC1091 are loaded into the accumulator and
then stored in $61 of the 63705 RAM. The act of reading the

MSB
MSB 9
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LOA #$E1
STA $10
LOA #$30
STA $11
LOA #$01
STA $06
LOA #$07
STA $50

LOOP LOA $50
BCLR 0,$02
STA $12
BCLR 1,$06
BCLR 1,$06
BCLR 1,$06
LOA $12
BCLR 1,$06
BCLR 1,$06
BCLR 1,$06
LOA $12
STA $61
BCLR 1,$06
BCLR 1,$06
BSET 0,$02
LOA #$00
STA $10
LOA $12
STA $62
LOA #$E1
STA $10

COMMENTS
CONFIGURATION DATA FOR SCR
LOAD DATA INTO SCR ($10)
CONFIGURATION DATA FOR SSR
LOAD DATA INTO SSR ($11)
CON FIG. DATA FOR PORT C DDR
LOAD DATA INTO PORT C DDR
LOAD LTC1091 DINDATA INTO ACC
LOAD LTC1091 DINDATA INTO $50

LOAD DININTO ACC FROM $50
COGOES LOW (CS GOES LOW)
LOAD DININTO SDR. START SCK
FOR TIMING
FOR TIMING
FOR TIMING
LOAD DATASTART NEXT CYCLE
FOR TIMING
FOR TIMING
FOR TIMING
LOAD LSBs START NEXT CYCLE
STORE LSBs IN $61
FOR TIMING
FOR TIMING
COGOES HIGH. (CS GOES HIGH)
CONFIGURATION DATA FOR SCR
DISABLESCI
LOAD MSBs
STORE MSBs IN $62
CONFIGURATION DATA FOR SCR
TURN SCION

LSBs into the ACC causes the next SCI transfer to begin.
After the next eight bits are transferred, then CO is set and
the SCI port is disabled. The MSBs from the LTC1091 are
loaded into the ACC and then stored in $62 of the 63705
RAM. The SCI port is then enabled. The data at this point
is left justified as shown in Figure 4.

Summary

A four wire interface between the LTC1091 and the Hitachi
63705 with a combined data conversion and transfer time

$61 of 84/is was demonstrated. The interface used the serial
(SCI) port of the 63705. Because the SCI port transfers
data LSB first, care must be taken to properly construct

$62 the DIN word so that the bits are transmitted in the proper
order to the LTC1091. The 10 data bits of the LTC1091 are
shifted MSB first and then LSB first in three eight bit trans·
fers. The data is stored left justified in the 63705's internal
RAM.



Interfacing the LTC1090
to the TMS320 C25 DSP

Introduction

This application note describes the hardware and soft-
ware required for communication between the LTC1090
10·bit data acquisition system and the TMS320C25 digital
signal processor (DSP). In particular two interfaces will be
demonstrated. The first interface requires only one invert-
er in addition to the LTC1090 and the TMS320C25. The sec-
ond interface, which is optimized for speed of transfer and
minimum processor supervision, can complete a conver·
sion and shift the data in only 32!Ls. Configuration of the
TMS320C25 and LTC1090 will be discussed as it applies to
this interface. Schematics, code, and timing diagrams will
be presented. Finally, a summary of results including data
throughput rates will be provided.

The LTC1090 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a synchronous, full
duplex format over DINand Dour.

The serial port of the TMS320C25 is not directly compati-
ble with that of the LTC1090. The data shift clock lines

8
ANALOG
INPUTS cs

0IN OX

DOUT DR

Application Note 26M

January 1988

(CLKR, CLKX) are inputs only. Therefore the data shift
clock must be externally generated. Inverting the shift
clock is also necessary because the LTC1090 and the
TMS320C25 clock data on opposite edges. This prevents a
race condition. The framing pulse width of the TMS320C25
is not long enough to be used as a chip select for the AID
directly. It must somehow be stretched. This can be done
with additional hardware or through software control of
the shift clock which controls the framing pulse timing.

The schematic of Figure 1 has the shift clock generated by
the XF pin of the TMS320C25. The signal is inverted with a
74HC04 and fed into the SCLK pin of the LTC1090. The
framing pulse is properly generated by delaying the SCLK
edge which causes FSX to fall until the AID conversion is
finished. This method results in the simplest hardware
configuration but has the drawbacks of requiring more
processor supervision and a slower data shift time.
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The schematic of Figure 7 has the shift clock generated by LABEL MNEMONIC COMMENTS

dividing down the processor clock with a 74HC163 AORG 0 ON RSTCODESTARTSATO

counter. The signal is inverted with a 74HC04 an~ed into B INIT BRANCH TO INIT ROUTINE

the CLKX and CLKR pins of the TMS320C25.The CS signal AORG >26 ADDRESS OF RINT VECTOR
is generated with another 74HC163and two inverters. The B RINT BRANCH TO RINT ROUTINE

obvious disadvantage of this method is that it requires
AORG >32 MAIN PROGRAM ADDRESSconsiderably more hardware to implement but it provides INIT DINT DISABLE INTERRUPTS

a faster data shift rate and requires less processor LDPK >0 DATA PAGE POINTER IS 0
supervision. LARP >1 AUX. REG. POINTER IS 1

LRLK AR1,>2oo AUX. REG. 1 = > 200

Hardware Description
LACK >10 CON FIG. WORD FOR IMR
SACL >4 PUT CON FIG. WORD IN IMR
STXM CONFIGURE FSX AS OUTPUT

The DSPwas emulated and the code for this interface was FORT 0 SET SERIAL PORT TO 16 BITS
developed on a TMS320C25 Software Development Sys·

TXRX RXF RESETXFtern (SWDS).The SWDS requires a PCcompatible comput·
STC SET TC BIT (FIRST TIME FLG)

er to run. LACK >FO LOAD DINWORD INTO ACC

The timing diagram of Figure 2 was obtained using the cir· SFSM FSX STARTS ON XSR LOAD
RPTK 2 REPEAT 3 TIMES

cuit of Figure 1. The timing diagram of Figure 8 was SFL SHIFT DINTO LEFT
obtained using the circuit of Figure 7. Both pictures were SACL >1 DINPUT IN TX REGISTER

taken with an HP1631 logic analyzer. ACLK was 2.5MHz EINT ENABLE INTERRUPTS

and SCLK was 1.25MHz. The TMS320C25 clock rate was TIMER RXF RESET XF (SCLK)
40MHz. RPTK 2 REPEAT 3 TIMES

NOP TIMING
The analog sections of the schematics of Figure 2 and Fig· SXF SET XF (SClKI
ure 7 are omitted for clarity. For a complete discussion of BBZ TIMER SCLKS UNTIL RINT

analog considerations involved in using the LTC1090 RPTK >00 DELAY FOR CONVERSION
NOP

please see the data sheet. RTC RESETTC (NOTFIRSTTIME)
B TIMER NEXTSCLK

RINT ZALS >0 STORE Dour WORD IN ACC
SFL SHIFT ACC LEFT 1 BIT
SACL ',0 STOREACCIN >200
B TXRX GO TO TXRX ROUTINE
END

Figure 3. DIN Word in ACC of TMS320C25 for Circuit 1
Figure 5. TMS320C25 Code for Circuit 1

>200

DOUTfrom LTC1090stored in TMS320C25RAM

Figure 4. Memory Map for Circuit 1



Software Description

The software configures and controls the serial port of the
TMS320C25. Additionally, the software generates a delay
during which time the LTC1090 performs a conversion.

The first 131ines of code are the same for circuit 1 and cir-
cuit 2. The code first sets up the interrupt and reset vec-
tors. On reset the TMS320C25 starts executing code at the
label INIT. Upon completion of a 16·bit data transfer, an
interrupt is generated and the DSP will begin executing
code at the label RINT.

Next, the code initializes registers in the TMS320C25 that
will be used in the transfer routine. The interrupts are tem-
porarily disabled. The data memory page P?inter regis~er
is set to zero. The auxiliary register pointer IS loaded with
one and auxiliary register one is loaded with the value 200
hexadecimal. This is the data memory location where the
data from the LTC1090 will be stored. The interrupt mask
register (IMR) is configured to recognize the RINT
interrupt, which is generated after receiving the last of 1.6
bits on the serial port. This interrupt is still disabled at thiS
time however. The transmit framing synchronization pin
(FSX) is configured to be an output. The FO bit of the sta-
tus register ST1, is initialized to zero which sets up the
serial port to operate in the 16-bit mode.

The code for transmitting and receiving data is different
for the two circuits. For circuit 1 the XF bit is first
initialized to O. The TC bit is set (TC is used as a flag to
determine whether the processor is waiting for the AID to
perform a conversion, TC set, or whether the processor is
shifting data, TC cleared). Next, the DIN word is loaded
into the ACC and shifted left three times so that it appears
as in Figure 3. This DIN word configures the LTC1090 for
CHO with respect to CH1, unipolar, MSB first, and 16-bit
length. The DIN word is then put in the transmit register
and the RINT interrupt is enabled. For circuit 2 the code is
similar except that XF and TC are not used. Also the DIN
word for circuit 2 configures the LTC1090 for 10 bits in-
stead of 16 bits (Figure 6) because the additional hardware
of circuit 2 allows fewer bits to be shifted which speeds up
the transfer process. The circuit 1 code then causes the
DSP to put out one SCLK cycle on the XF pin. This causes
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the FSX pin (CS) to go high. The FSX pin stays high until
the DSP goes through 208 Naps during ~h.ich time the
LTC1090 performs a conversion. The XF bit I~ then res~t
and set with a 0.8jis period until the RINT Interrupt IS
generated. For the circuit 2 code the timer. consists o~only
one instruction that loops upon itsel.f...yntll the RINT Inter-
rupt is generated. All clocking and CS functions are per-
formed by the hardware. This time could be used to do
some simple processing of the data.

For circuit 1 once RINT is generated the code begins exe-
cution at the label RINT. This code stores the DOUTword
from the LTC1090 in the ACC, shifts it left one bit to posi-
tion it properly and then stores it in location 200 hex. T~e
data appears in location 200 hex left justified as shown In
Figure 4. The code is set up to continually loop, so at this
point the code jumps to label TXRX and ~epeats f~om
there. The circuit 2 code handles the RINT Interrupt In a
similar fashion except that the data is shifted right five
bits and is stored right justified as shown in Figure 10.
Also the circuit 2 code has the delay for the LTC1090 in the
RINT routine instead of during the TIMER routine.

Summary

Two interfaces between the LTC1090 10-bit data acquisi-
tion and the TMS320C25 DSP were demonstrated. The first
interface required only one inverter in addition to the AID
and the DSP. The combined data conversion and transfer
time of this interface was 41jis. The data was placed in the
internal RAM of the TMS320C25 in a left justified format.
The second circuit which required two counters and three
inverters to imple~ent, was able to perform a conversion
and shift the data to the processor in only 32jis. The data
also was placed in the RAM of the TMS320C25 except that
it was in a right justified format.
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LABEL MNEMONIC COMMENTS
AORG 0 ON RST CODE STARTS ATO
B INIT BRANCH TO INIT ROUTINE

AORG >26 ADDRESS OF RINT VECTOR
B RINT BRANCH TO RINT ROUTINE

AORG >32 MAIN PROGRAM ADDRESS
INIT DINT DISABLE INTERRUPTS

LDPK >0 DATA PAGE POINTER ISO
LARP >1 AUX. REG. POINTER IS 1
LRLK AR1,>200 AUX. REG. 1 = >200
LACK >10 CONFIG. WORD FOR IMR
SACL >4 PUT CONFIG. WORD IN IMR
STXM CONFIGURE FSX AS OUTPUT
FORT 0 SET SERIAL PORTTO 16 BITS

TXRX LACK >DO LOAD DINWORD INTO ACC
SFSM FSX STARTS ON XSR LOAD
RPTK REPEAT 3 TIMES
SFL SHIFT DINTO LEFT

Figure 7. Circuit 2: Minimum Software Interface SACL >1 DINPUT IN TX REGISTER
EINT ENABLE INTERRUPTS

TIMER B TIMER LOOP UNTIL FINISHED

RINT ZALS >0 STORE Dour WORD IN ACC
RPTK >4 REPEAT 5 TIMES
SFR SHIFT ACC RIGHT 1 BIT
SACL ',0 STORE ACC IN >200
RPTK 127 DELAY
NOP 22~s FOR
RPTK NEXT
NOP CONVERSION
B TXRX GO TO TXRX ROUTI NE
END



Interfacing the LTC1091/92
to the TMS320C25 DSP

Introduction

This application note describes the hardware and soft·
ware required for communication between the LTC1091
10·bit data acquisition system and the TMS320C25digital
signal processor (DSP).In particular two interfaces will be
demonstrated. The first interface requires only one in·
verter in addition to the LTC1091and the TMS320C25.The
second interface, which is optimized for speed of transfer
and minimum processor supervision, can complete a
conversion and shift the data in only 32JLs. Configuration
of the TMS320C25and LTC1091will be discussed as it ap-
plies to this interface as well as the minor modifications
required for the interface to work with the LTC1092.
Schematics, code, and timing diagrams will be presented.
Finally, a summary of results including data throughput
rates will be provided.

Interface Details

The LTC1091clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a syn·
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chronous, half duplex format over DINand Dour. The serial
port of the TMS320C25is not directly compatible with that
of the LTC1091.The data shift clock lines (CLKR, CLKX)
are inputs only. Therefore the data shift clock must be ex-
ternally generated. Inverting the shift clock is also neces-
sary because the LTC1091and the TMS320C25clock data
on opposite edges. This prevents a race condition.

The schematic of Figure 1 has the shift clock generated by
the XF pin of the TMS320C25.The signal is inverted with a
74HC04and fed into the CLK pin of the LCT1091.The fram-
ing pulse of the TMS320C25is fed directly to the CS of the
LTC1091.OX and DR are tied directly to DINand Dour re-
spectively. This method results in the simplest hardware
configuration but has the drawbacks of requiring more
processor supervision and a slower data shift time.
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The schematic of Figure 6 has the clock generated by di- LABEL MNEMONIC COMMENTS

viding down the ClK OUT pin by a factor of 16 with a AORG 0 ON RST CODE STARTS AT 0

74HC163 counter. The signal is inverted wit~ 74HC04 B INIT BRANCH TO INIT ROUTINE

and fed into the ClK pin of the lTC1 091. The CS signal is AORG >26 ADDRESS OF RINT VECTOR
generated directly from the FSX pin of the TMS320C25. B RINT BRANCH TO RINT ROUTINE

The obvious disadvantage of this method is that it reo
AORG >32 MAIN PROGRAM ADDRESS

quires considerably more hardware to implement but it INIT DINT DISABLE INTERRUPTS
provides a faster data shift rate and requires less proces· LDPK >0 DATA PAGE POINTER IS 0
sor supervision. LARP >1 AUX. REG. POINTER IS 1

LRLK AR1,>200 AUX. REG. 1 = > 200

Hardware Description
LACK >10 CONFIG. WORD FOR IMR
SACL >4 PUT CON FIG. WORD IN IMR
STXM CONFIGURE FSX AS OUTPUT

The DSP was emulated and the code for this interface was FORT 0 SET SERIAL PORT TO 16 BITS
developed on a TMS320C25 Software Development Sys· RXF RESET XF

tem (SWDS). The SWDS requires a PC compatible com-
TXRX LACK >48 LOAD DINWORD INTO ACC

puter to run. SFSM FSX STARTS ON XSR LOAD

The timing diagram of Figure 2 was obtained using the
RPTK REPEAT8TIMES
SFL SHIFT DINTO LEFT

circuit of Figure 1. The timing diagram of Figure 7 was ob· SACL >1 DINPUT IN TX REGISTER
tained using the circuit of Figure 6. Both pictures were tak· EINT ENABLE INTERRUPTS

en with an HP1631 logic analyzer. The ClK was 500kHz for TIMER SXF SETXF(CLK)
the timing diagram of Figure 2 and 625kHz for the timing RPTK REPEAT6TIMES
diagram of Figure 7. The TMS320C25 clock rate was NOP TIMING
40MHz. RXF RESET XF (CLK)

RPTK REPEAT 4 TIMES
The analog sections of the schematics of Figure 1 and NOP NOP FOR TIMING

Figure 6 are omitted for clarity. For a complete discussion B TIMER CLKS UNTIL RINT

of the analog considerations involved in using the RINT ZALS >0 STORE DOUl WORD IN ACC
lTC1091 please see the data sheet. SACL ',0 STORE ACC IN> 200

B TXRX GO TO TXRX ROUTINE
END

Figure 5. TMS320C25 Code for Circuit 1

Figure 3. DIN Word in ACC of TMS320C25 for Circuits 1 and 2



Software Description

The software configures and controls the serial port of the
TMS320C25.

The first 131ines of code are the same for circuit 1 and cir·
cuit 2. The code first sets up the interrupt and reset vec·
tors. On reset the TMS320C25starts executing code at the
label INIT. Upon completion of a 16-bit data transfer, an
interrupt is generated and the DSP will begin executing
code at the label RINT.

Next, the code initializes registers in the TMS320C25that
will be used in the transfer routine. The interrupts are tem·
porarily disabled. The data memory page pointer register
is set to zero. The auxiliary register pointer is loaded with
one and auxiliary register one is loaded with the value 200
hexadecimal. This is the data memory location where the
data from the LTC1091will be stored. The interrupt mask
register (IMR) is configured to recognize the RINT
interrupt, which is generated after receiving the last of 16
bits on the serial port. This interrupt is still disabled at this
time however. The transmit framing synchronization pin
(FSX) is configured to be an output. The FObit of the sta-
tus register ST1, is initialized to zero which sets up the
serial port to operate in the 16·bit mode. For circuit 1 the
XF bit is first initialized to zero.

The code for transmitting and receiving data is the same
for the two circuits except for the section of code labelled
TIMER. The DINword is loaded into the ACC and shifted
left eight times so that it appears as in Figure 3. This DIN
word configures the LTC1091for CHOwith respect to CH1
and MSB first. The DINword is then put in the transmit
register and the RINT interrupt is enabled. For circuit 1 the
XF bit is set which causes the FSX pin to generate a CS
signal which is fed into the CS pin of the LTC1091and the
FSRpin of the TMS320C25.

Application Note 26N

The XF bit is then reset and set with a 2.0Jlsperiod until the
RINT interrupt is generated. For the circuit 2 code the
timer consists of only one instruction that loops upon it-
self until the RINT interrupt is generated. All clocking and
CS functions are performed by the hardware. This time
could be used to do some simple processing of the data.

Once RINT is generated the code begins execution at the
label RINT. This code stores the DOUTword from the
LTC1091in the ACC and then stores it in location 200 hex.
The data appears in location 200 hex right justified as
shown in Figure 4. The code is set up to continually loop,
so at this point the code jumps to label TXRXand repeats
from there.

The code for circuits 1 and 2 can be made to work with the
LTC1092 as well with only minor modifications. It is not
necessary to use a DINword for the LTC1092, which reo
duces the number of lines required by the interface. After
the data has been shifted into the TMS320C25 it must be
shifted twice to the left for left justified data or shifted
four times to the right for right justified data.

Summary

Two interfaces between the LTC1091 10-bit data acquisi·
tion and the TMS320C25DSPwere demonstrated. The first
interface required only one inverter in addition to the AID
and the DSP.The combined data conversion and transfer
time of this interface was 39Jls.The data was placed in the
internal RAM of the TMS320C25in a right justified format.
The second circuit, which required a counter and an in·
verter to implement, was able to perform a conversion and
shift the data to the processor in only 32Jls.The data again
was placed in the RAM of the TMS320C25 in a right justi·
fied format. With only minor modifications these inter·
faces can also be used with the LTC1092.
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5V LABEL MNEMONIC COMMENTS
AORG 0 ON RSTCODESTARTSATO
B INIT BRANCH TO INIT ROUTINE

AORG >26 ADDRESS OF RINT VECTOR
74HC163 B RINT BRANCH TO RINT ROUTINE

CLK 00

AORG >32 MAIN PROGRAM ADDRESS
INIT DINT DISABLE INTERRUPTS

LDPK >0 DATA PAGE POINTER IS 0
LARP >1 AUX. REG. POINTER IS 1

TMS320C25 LTC1091 LRLK AR1,>2oo AUX. REG. 1 = >200
CLK CLKX LACK >10 CON FIG. WORD FOR IMR
OUT

CLK SACL >4 PUT CON FIG. WORD IN IMR
CLKR STXM CONFIGURE FSX AS OUTPUT

FSR CHO FORT 0 SET SERIAL PORT TO 16 BITScs CHI
FSX

OX D'N TXRX LACK >48 LOAD DINWORD INTO ACC
DR Dour SFSM FSX STARTS ON XSR LOAD

RPTK REPEAT 8 TIMES

Figure 6. Circuit 2: Minimum Software Interface SFL SHIFT DINTO LEFT
SACL >1 DINPUT IN TX REGISTER
EINT ENABLE INTERRUPTS

TIMER B TIMER LOOP UNTIL FINISHED

RINT ZALS >0 STORE DOUT WORD IN ACC
SACL ',0 STORE ACC IN >200
B TXRX GO TO TXRX ROUTIN E
END
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Interfacing the LTC1090
to the Z-80 MPU

Introduction

This application note describes an interface between the
LTC1090 10-bit data acquisition system and the Z·80 mi-
crocomputer. The interface is capable of completing a
10-bit conversion and shifting the data to Z·80 in 288Jls.
Configuration of the LTC1090 and the Z·80 will be dis·
cussed as it applies to this interface. Schematics, code,
and timing diagrams will be shown. Finally, a summary of
the key points of this interface will be given, including
data throughput rates.

Interface Details

The LTC1090has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred serially in a syn·
chronous, full duplex format over DINand DOUT.

The Z-80does not have a serial port. Therefore it is neces·
sary for the user to construct a serial port with TIL gates
as shown in the schematic of Figure 1.
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Hardware Description

CS is set or cleared by placing a 1or a 0 on address line AO
and writing to an I/O port that has an even address of 128
or higher. The LTC1090SCLK is generated by reading from
an I/O port that has an address greater than 128. Data is
clocked into the LTC1090one bit at a time by placing the
desired bit on D7 of the Z·80 and writing to any memory
location. The serial data output of the LTC1090is fed into
DOof the Z·80 through the 74LS126.The 74LS126 prevents
the LTC10,90from writing to the data bus of the Z-80except
when the microprocessor requires data from the AID. The
ACLK of the LTC1090is also the clock for the Z·80.

The code for this interface was developed on a Multitech
MPF·1single board development system.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer. The Z·80clock rate was 1.79MHz.
Using a Z·80S and running it at a 6MHz clock rate, it is
possible to reduce this time to approximately 100Jls.This
would require generating ACLK externally or dividing
down the ¢ signal.

Figure 2. Throughllut Time is Limited by the Z·80 MPU. A 10 Bit
Conversion Result is Transmitted Every 288)Ls.
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The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1090 please see the
data sheet.

Software Description

The software serially shifts the DINconfiguration word to
the LTC1090 while simultaneously reading the previous
data back. Additionally, the software waits while the
LTC1090 performs its next conversion before attempting
the next data exchange cycle.

The code, Figure 5, first clears the C register. Next the E
register, which is used as a counter, is loaded with the
value 8. The D register is loaded with the DINword for the
LTC1090.This word as shown in Figure 3 configures the
LTC1090 for channel 7 with respect to common. DINalso
sets up the LTC1090for unipolar mode, MSB first and tells
the AID to shift out 10 bits of data. CS is brought low by
writing to 1/0 port 128(80H).The MSB of the D register con·
taining the DINword is then output on bit 7 of the data bus
of the Z-80. The first bit of the LTC1090DOUTword is then
read into the A register. The act of reading this bit also
generates an SCLK pulse. The DOUTbit is then shifted into
the carry bit and from there it is rotated into the LSB of the

B register. The next bit of the DINword is shifted into the
MSB of the D register. The E register counter is decre·
mented. At this point a test is made to determine if the
first eight bits have been shifted. If not, another DINbit is
output and DOUTbit is read until eight bits have been
shifted. The two LSBs of the DOUTword are similarly
shifted into the C register. These two bits are then shifted
right through the carry until they are in the two MSB posi·
tions of the C register. CS is then brought high. The 10 bit
LTC1090 DOUTword is stored left justified in the Z-80 at
this time as shown in Figure 4.

After the last SCLK pulse is ended 44 ACLK cycles must
be allowed for the LTC1090to perform the desired the AID
conversion. During this time CS is taken high. The soft·
ware must ensure that this occurs.

Summary

An interface between the LTC1090 10 bit data acquisition
system and the Z-80microprocessor with a combined data
conversion and transfer time of 288/1swas demonstrated.
The interface used four 74LS chips to interface the two de·
vices. The 10 data bits of the LTC1090 are shifted MSB
first one bit at a time. The data is stored left justified in the
Z-80's internal registers.

LABEL MNEMONIC COMMENTS
BEGIN LD C,OOH INITIALIZE REG C

LD E,08H INITIALIZE REG E
LD D,FDH ~T DININ REG D
OUT (80H),A CSGOESLOW

Figure 3. DIN Word for LTC1090 Stored in D Register of Z·80 LOOP LD (HL),D OUTPUT DINBIT
IN A,(80H) READ Dour BIT
RRA SHIFT DATA TO CARRY
RL B SHIFT DATA TO REG B

REG B RLe D SHIFT DINWORD LEFT
DEC E DECREMENT COUNTER
JP NZ,LOOP GET NEXT BIT IF NOT 0

LSB IN A,(80H) READ BIT 1 OF Dour

ITI:Q] RRA SHIFT BIT INTO CARRY
FILLED WITH O's REGC RL C SHIFT DATA TO REG C

IN A,(80H) READ BIT 0 OF Dour
RRA SHIFT BIT INTO CARRY

DOUTfrom LTC1090stored in Z-80 registers RR C REG C SHIFTS RIGHT
RR C REG C SHIFTS RIGHT

Figure 4. Memory Map of Z·80 OUT (81H),A CSGOESHIGH

Figure 5. Z·80 Code



Interfacing the LTC1090
to the HD64180
Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC109010·bit data acquisition system and the Hitachi
64180 microprocessor. The simple four wire interface is
capable of completing a 10·bit conversion and shifting the
data to the 64180 in 96JLs. Configuration of the LTC1090
and the 64180will be discussed as it applies to this inter·
face. Schematics, code, and timing diagrams will be
shown. Finally, a summary of the key points of this inter·
face will be given including data throughput rates.

Interface Details

The LTC1090has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a synchronous full
duplex format over DINand Dour.

The 64180 has a clocked serial 1/0 port (CSIO)that allows
the user to construct a simple communication path to the
LTC1090.The serial port provides clock, transmit and reo
ceive lines that are compatible with the LTC1090.The only
additional line required is one programmable output pin
(RTSO)to control CS on the LTC1090.The schematic of
Figure 1shows how the two devices are connected.

Hardware Description

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. ACLK of the LTC1090was 2MHz
and the 64180crystal frequency was 4MHz. This produced

LTC 1090 HD64180

CS" RTSOM~~[· SCLK CKS

INPUTS : D'N TXS.
Dour RXS
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Hitachi
HD64180

a transfer time of 479JLs. A version of the 64180can be run
at a 20MHz crystal frequency so the times shown can be
reduced by a factor of five yielding a total transfer time of
96JLs.

At crystal frequencies up to 4MHz ACLK can be generated
directly from the ¢ pin of the 64180.Above 4MHz a divider
must be used to generate ACLK or it must be externally
generated to ensure it remains below 2MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1090please see the
data sheet.

Software Description

The software configures and controls the CSIO of the
64180.Additionally, the software manipulates RTSO(CSof
the LTC1090)and generates a delay during which time the
LTC1090performs a conversion. Because the CSIO of the
64180 communicates in a half duplex format it is neces-
sary for the software to first write a configuration word to

Figure 2. Timing Diagram. Transfer Times as Short as 96/1s are
Possible.
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the LTC1090and then read back the data. Normally with
the LTC1090 the DIN and DOUTwords are transferred
simultaneously.
The software first disables all interrupts and enables the
receive (RXS)pin. The DINword is loaded into the Transmit
Receive Data Register. The DIN word programs the
LTC1090for channel 7 with respect to common, LSB first,
unipolar and eight bits as shown in Figure 3. Note, that for
LSB first format processors the DIN word must be can·
structed opposite from MSB first format. This is because
the bits forming the DINword of the LTC1090must always
be shifted in the same order regardless of whether MSB
first or LSB first is chosen. B4 of CNTLAOis cleared which
causes CSof the LTC1090to go low. B4of the CSIO control
register is set which causes the DINword for the LTC1090
to begin transmitting. B7 of the CSIO control register is
polled until a 1 is detected. B4 of CNTLAO is then set
which causes CSto go high.
Forty-four ACLK cycles must pass before CS can be taken
low so that the AID can perform a conversion. During this
time a transmit is started and stopped so that the TXS line
will stop high. The transmit is not allowed to finish to save
time. It is desirable to have the TXS line high so that the
proper word length will be clocked into the LTC1090when
DOUTis read.
CS of the LTC1090 is again cleared. The CSIO control
register is set up to receive this time. The transmit line is
held high so that all ones are clocked into the LTC1090DIN
pin while the LSBs of DOUTare being clocked into the
64180. The same polling method is used as before. After
the first eight bits are received the data is stored in Regis-
ter L. The two MSBs are then clocked in and placed in

Figure 3. DIN Word lor LTC1090Stored in Reverse Order in 64180
Internal Registers

Register H. The data at this point is right justified~ith the
unused bits being set to Osas shown in Figure 4. CS of the
LTC1090is then set again.

Because the DIN word received by the LTC1090 was a
dummy word, it is not necessary to wait 44 ACLK cycles
again at this point. The CS line can be brought low imme-
diately and another cycle begun at this time.

Summary

A four wire interface between the LTC1090and the Hitachi
64180 with a combined data conversion and transfer time
of 96JLswas demonstrated. The interface used the CSIO
port of the 64180. Because the CSIO port transfers data
LSB first care must be taken in constructing the DINword
so that the bits are transmitted in the proper order to the
LTC1090.A configuration word is written to the LTC1090in
one eight bit transfer and then the 10 data bits of the
LTC1090are shifted LSB first to the 64180 in two eight bit
transfers. The data is stored right justified in the 64180's
internal registers.

ADDR LABEL CODE MNEMONIC COMMENTS
0 BEGIN F3 DI DISABLE INTERRUPTS
1 1E 00 LD E,ooH DATA FOR ASCI STATUS REG
3 ED 19 05 OUTO (05H), E ENABLE RXS
6 LOOP 16 lF LD 0, lFH LOAD D'N IN REG 0
8 ED 11 OB OUTO (OBH), 0 LOAD D'N IN TRDR
B lE 00 LD E, ooH DATA FOR CNTLAO
D ED 19 00 OUTO (OOH),E DATA IN CNTLAO. CS RESET
10 1E 10 LD E, 10H DATA FOR CSIO CONTROL REG
12 ED 19 OA OUTO (OAH), E STARTTRANSMIT OF D'N
15 OE OA LDC,OAH ADDR OF CSIO CONTROL REG
17 TXl ED 74 BO TSTIOBOH
1A 28 FB JRZTXl WAIT FOR TRANSFER TO END
1C lE 10 LD E, 10H DATA FOR CNTLAO
lE ED 19 00 OUTO (ooH), E DATA IN CNTLAO. CS SET
21 16 FF LD 0, FFH DUMMY DATA WORD
23 ED 11 OB OUTO (OBH), 0 LOAD DUMMY IN TRDR
26 1E 10 LD E, 10H DATA FOR CSIO CONTROL REG
28 ED 19 OA OUTO (OAH), E STARTTRANSMIT OF DUMMY
2B lE 00 LD E,ooH DATA FOR CSIO CONTROL REG
20 ED 19 OA OUTO (OAH), E STOP TRANSMIT OF DUMMY
30 ED 20 OB INO H,(OBH) CLEAR EF OF CSIO CNTRL REG
33 1E 00 LD E, ooH DATA FOR CNTLAO
35 ED 19 00 OUTO (ooH), E DATA IN CNTLAO. CS RESET
38 lE 20 LD E, 20H DATA FOR CSIO CNTRL REG
3A ED 19 OA OUTO (OAH), E RECEIVE DOUT LSBs
3D RXl ED 74 BO TSTIOBOH
40 28 FB JRZ RXl WAIT FOR TRANSFER TO END
42 ED 28 OB INO L, (OBH) PUT LSBs IN REG L
45 ED 19 OA OUTO (OAH), E RECEIVE DOUT MSBs
48 RX2 ED 74 BO TSTl080H
4B 28 FB JRZ RX2 WAIT FOR TRANSFER TO END
40 ED 20 OB INO H,(OBH) PUT MSBs IN REG H
50 1E 10 LD E, 10H DATA FOR CNTLAO
52 ED 19 00 OUTO (ooH), E DATA IN CNTLAO. CS SET
55 C3 06 00 JPLOOP DO NEXT CONVERSION



Interfacing the LTC1091
to the HD64180

Guy Hoover
William Rempfer

Introduction

This application note describes an interface between the
LTC1091 10·bit data acquisition system and the Hitachi
64180 microprocessor. The simple four wire interface is
capable of completing a 10·bit conversion and shifting the
data to the 64180 in 91JLs. Configuration of the LTC1091
and the 64180 will be discussed as it applies to this inter·
face. Schematics, code, and timing diagrams will be
shown. Finally, a summary of the key points of this inter·
face will be given including data throughput rates.

Interface Details

The LTC1091 clock line controls the AID conversion rate
and the data shift rate. Data is transferred in a syn·
chronous half duplex format over DINand DOUT.

The 64180 has a clocked serial 1/0 port (CSIO)that allows
the user to construct a simple communication path to the
LTC1091. The serial port provides clock, transmit and
receive lines that are compatible with the LTC1091.The
only additional line required is one programmable output
pin (RTSO)to control CS on the LTC1091.The schematic of
Figure 1 shows how the two devices are connected.

LTC1091 H064180

cs RTSO

2 CLK CKS
ANALOG
INPUTS D'N TXS

DOUT RXS
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Hardware Description

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. The 64180 crystal frequency was
4MHz. This produced a transfer time of 455JLs. A version of
the 64180'can be run at 20MHz crystal frequency so the
times shown can be reduced by a factor of five yielding a
total transfer time of 91JLs.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1091please see the
data sheet.

Software Description

The software configures and controls the CSIO of the
64180.Additionally, the software manipulates RTSO(CSof
the LTC1091).

Figure 2. Timing Diagram. Throughput Times as Short as 91~s are
Possible.



Application Note 26Q

The software first disables all interrupts and enables the
receive (RXS)pin. The DINword is loaded into the Transmit
Receive Data Register. The DIN word programs the
LTC1091for channel 1 with respect to ground and LSB first
as shown in Figure 3. Note, that for LSB first format proc-
essors the DIN word must be constructed opposite from
MSB first format. This is because the bits forming the DIN
word into the LTC1091must always be shifted in the same
order regardless of whether MSB first or LSB first is
chosen. B4 of CNTLAO is cleared which causes CS of the
LTC1091 to go low. B4 of the CSIO control register is set
which causes the DINword for the LTC1091to begin trans-
mitting. After receiving the start bit, channel information
and LSB first format data the LTC1091starts transmitting
the results of the conversion back to the 64180 in MSB first
format. The first three bits of this data are ignored by the
64180 because it is still in the transmit mode. B7 of the
CSIO control register is polled until a 1 is detected signify-
ing the end of the transfer.
The CSIO control register is set up to receive this time. The
same polling method is used as before. After the first eight
bits are received the data is stored in Register A. The last
two bits received were transmitted in LSB first format.
These two bits end up in the two MSBs of REG A, where
they are ANDed with COHto clear the LSBs of REG A. The
D.oUTLSBs in REG A are then stored in the L register. The
eight MSBs of DOUTare then clocked in and placed in
Register H. The data at this point is left justified as shown
in Figure 4. CS of the LTC1091 is then set again. The CS
line can be brought low immediately and another cycle be·
gun at this time.

Figure 3. DIN Word for LTC1091 Stored in Reverse Order in 64180
Internal Registers

LSB
LSB ITI:QJ,----F-ILL-E-DW-I-TH-O-'s--r REG L

Summary

A four wire interface between the LTC1091 and the Hitachi
64180 with a combined data conversion and transfer time
of 9111swas demonstrated. The interface used the CSIO
port of the 64180. Because the CSIO port transfers data
LSB first care must be taken in constructing the DINword
so that the bits are transmitted in the proper order to the
LTC1091.A configuration word is written to the LTC1091 in
one eight bit transfer and then the 10 data bits of the
LTC1091are shifted LSB first to the 64180 in two eight bit
transfers. The data is stored left justified in the 64180's in-
ternal registers.

ADDR LABEL CODE
o BEGIN F3
1 1E 00

3
6
8
B
D

MNEMONIC
DI
LD E,OOH

COMMENTS
DISABLE INTERRUPTS
DATA FOR ASCI STATUS
REG
ENABLE RXS
LOAD DININ REG D
LOAD DININ TRDR
DATA FOR CNTLAO
DATA IN CNTLAO. CS
RESET
DATA FOR CSIO CON·
TROLREG
START TRANSMIT OF DIN
ADDR OF CSIO CON·
TROL REG

WAIT FOR TRANSFER TO
END
CLEAR EF OF CSIO
CNTRL REG
DATA FOR CSIO CNTRL
REG
RECEIVE Dour LSBs

WAIT FOR TRANSFER TO
END
PUT LSBs IN REG A
MASK OUT LSBs
PUT Dour IN REG L
RECEIVE Dour MSBs

WAIT FOR TRANSFER TO
END
PUT MSBs IN REG H
DATA FOR CNTLAO
DATA IN CNTLAO. CS SET

ED 19 05 OUTO(05H), E
LOOP 16 07 LD D, 07H

ED 11 OB OUTO(OBH), D
1E 00 LD E, OOH
ED 19 00 OUTO(OOH),E

1E 10 LD E, 10H

ED 19 OA OUTO(OAH), E
OE OA LD C,OAH

TX1 ED 74 80 TSTI080H
28 FB JRZTX1

ED 20 OB INO H,(OBH)

1E 20 LD E, 20H

21
24 RX1
27

ED 19 OA OUTO(OAH), E
ED 74 80 TSTI080H
28 FB JRZRX1

ED 38 OB INOA, (OBH)
E6 CO ANDCOH
6F LDL,A
ED 19 OA OUTO(OAH), E
ED 74 80 TSTlO80H
28 FB JR Z RX2

ED 20 OB INO H, (OBH)
1E 10 LD E, 10H
ED 19 00 OUTO(ooH), E

29
2C
2E
2F
32 RX2
35

37
3A
3C



Interfacing the LTC1094
to a Parallel Bus

Guy Hoover
William Rempfer

Introduction

This application note describes the hardware and soft·
ware required to interface the LTC109410·bitdata acquisi·
tion system to the TMS320C25 digital signal processor.
The circuitry shown can be used to interface any member
of the LTC1090family to the bus of virtually any processor
with only minor modifications. The software provided is
specific to the TMS320family. The interface shown can be
either interrupt driven or polled by the processor after a
convert command has been given to the LTC1094.The in·
terface is capable of completing a 10-bit conversion and
transferring the data to the TMS320C25in 40/ls. Configura-
tion of the LTC1094and the TMS320C25will be discussed
as it applies to this interface. Schematics, code, and tim·
ing diagrams will be discussed. Finally, a summary of reo
suits will be provided.

Interface Details

The LTC1094is a serial 10·bit data acquisition system. It
uses a half duplex synchronous serial interface. It uses a
DINword to configure the A/D for channel number,unipolar
or bipolar, and MSB first or LSB first. Data is shifted out on
the DOUTline. Both DINand DOUTare synchronous with the
CLKline.

Many processors do not have a compatible serial port. It
then becomes necessary to construct an interface circuit
that will allow the LTC1094to hang directly on the data
bus of the processor. The circuit of Figure 1 interfaces
directly to the TMS320C25bus. It latches the DINword pro·
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vided by the processor and then shifts it to the LTC1094.
The LTC1094then clocks out the DOUTword to a shift
register where the data is latched and the conversion com-
plete signal is sent to the processor. When the processor
requests the DOUTword the interface circuit comes out of
tri·state and the data is present on the bus. The circuit
generates the clock for the LTC1094 and automatically
shuts it off after the conversion has been done. The
processor must provide chip select, read/write and inter-
rupt lines as well as a 16·bit data bus. (For an a·bit data
bus a two byte read would be required.) When the read/
write line is LOW and the chip select line is LOW the DIN
word is latched into the 74LS165.When the read/write line
is HIGH and the chip select line is LOW the DOUTword is
read from the 74LS365tri·state buffers.

Hardware Description

The DSPwas emulated and the code for this interface was
developed on a TMS320C25 Software Development Sys·
tem(SWDS).

The timing diagram of Figure 2 was obtained with an
HP1631 logic analyzer with an LTC1094CLK frequency of
500kHz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1094please see the
data sheet.
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Software Description

The software outputs a DIN word from the TMS320C25 to
the interface and when informed by the interface that the
resulting data is present reads in the DOUT word of the
LTC1094.

The code of Figure 5 first disables all interrupts. Next, a
DIN word is placed in >60 of the TMS320C25 as shown in
Figure 3. This DIN word configures the LTC1094 for CH7
with respect to COM, unipolar, and MSB first. This DIN
word is then output to Port 8 of the TMS320C25. The soft·
ware then polls the BIO pin until the interface pulls it LOW
indicating that the conversion is complete and that the
data is ready to be received by the TMS320C25. (The inter·
face could just as easily connect to one of the maskable
interrupt pins so that the processor could be performing
some task while waiting for the conversion to be com·
pleted.) The data is then read into the TMS320C25 and
placed into >61. The data at this point is right justified as
shown in Figure 4.

Application Note 26R

Summary

An interface between the LTC1094 and the TMS320C25
with a combined data conversion and transfer rate of 40jls
was demonstrated. This inexpensive interface (about
$2.00 in production quantities) uses ten 74LS chips to al·
low the LTC1094to hang directly on the data bus of the
TMS320C25. The circuit shown here should work with any
16·bit processor (an a·bit processor would require two
reads per conversion) that has a read/write line, and ex-
ternal interrupt capability.

Figure 4. DOUT of LTC1094Stored in > 61 of TMS320C25

LABEL CODE MNEMONIC COMMENTS
AORG>20

START CE01 DINT DISABLE INTERRUPTS
LOOP CAFF LACK >7F DINFOR LTC1094

6060 SACL >60 PUT DININ >60
E860 OUT >60.8 OUTPUT DINTO PORT 8

WAin FA80005F BIOZREAD IF DONE GO TO READ
FF800024 BWAIT1 IF NOT DONE GO TO WAIT1

AORG >5F

READ 8861 IN >61.8 PUT DOUT IN >61

Figure 5. TMS320C25 Code for Interfacing to LTC1094
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A Simple Method of Designing Multiple Order All Pole
Bandpass Filtersby Cascading 2nd Order Sections

Nella Sevastapaulas
Richard Markell

Filter design, be it active, passive, or switched capacitor,
is traditionally a mathematically intensive pursuit. There
are many architectures and design methods to choose
from. Two methods of high order bandpass filter design
are discussed herein. These methods allow the filter de-
signer to simplify the mathematical design process and al·
low LTC'sswitched capacitor filters (LTC1059,60,61,64) to
be utilized as high quality bandpass filters.

The first method consists of the traditional cascading of
non-identical 2nd order bandpass sections to form the
familiar Butterworth and Chebyshev bandpass filters. The
second method consists of cascading identical 2nd order
bandpass sections. This approach, although "non·text·
book," enables the hardware to be simple and the math·
ematics to be straightforward. Both methods will be de-
scribed here.

AN27A is the first of a series of application notes from LTC
concerning our universal filter family. Additional notes in
the series will discuss notch, lowpass and highpass filters
implemented with the universal switched capacitor filter.
An addition to this note will extend the treatment of
bandpass fillers to the elliptic or Cauer forms.

This note will first present a finished design example and
proceed to present the design methodology which relies
on tabular simplification of traditional filter design
techniques.

Table 1 was developed to enable anyone to design Butter·
worth bandpass filters. We will discuss the tables in more
detail later in this paper,but let's first design a filter.

A 4th order 2kHz Butterworth bandpass filter with a - 3dB
bandwidth equal to 200Hzis required as shown in Figure 1.

Noting that (foBP/BW)= 10/1 we can go directly to Table 1
for our normalized center frequencies. From Table 1 under
4th order Butterworth bandpass filters, we go to (foBPI
BW)=10.

- _200Hz

I \
/ \

I
/ \

1\

-20
~
~ -30

-60
0.5k 0.7k 1k 2k 3k 4k 5k 10k

FREQUENCY (Hz)
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We find fo1= 0.965 and foF 1.036 (both normalized to
foBP= 1).To find our desired actual center frequencies, we
must multiply by foBP= 2kHz to obtain fo1= 1.930kHz and
fo2= 2.072kHz.

The O's are 01 = 02 = 14.2which is read directly from Table
1.Also available from the table is K which is the product of
each individual bandpass gain HoBP.To put it another way,
the value of K is the gain required to make the gain, H, of
the overall filter equal to 1 at foBP.Our filter parameters
are highlighted in the following table:

Universal switched capacitor filters are simple to imple-
ment. A bandpass filter can be built from the traditional
state-variable filter topology. Figure 2 shows this topology
for both switched capacitor and active operational ampli-
fier implementations. Our example requires four resistors
for each 2nd order section. So eight resistors are required
to build our filter.

We start with two 2nd order sections (1 LTC1060,
2/3 LTC1061or 1/2LTC1064),Figure 3.

We associate resistors as belonging to 2nd order
sections, so R1x belongs to the x section. Thus R12, R22,

R33and R42all belong to the second of two 2nd order sec-
tions in our example.

Our requirements are shown in the following table:

SECTION 1 SECTION 2
101 = 1093kHz 102= 2.072kHz
01=14.2 O2=14.2
HoBP1 = 1 HoBP2 = 2.03

Note that HoBP1x HoBP2= K and this is the reason for
choosing HoBP2= 2.03.

fCLK _ ~
For this example we choose the fo =50 V R4 mode,

so we will tie the 50/100/Hoid pin on the SCF chip to V +,
generally (5V to 7V). We choose 100kHz as our clock and
calculate resistor values. Choosing the nearest 1% resis-
tor values we can implement the filter using Figure 3's
topology and the resistor values Iisted below.

R11=147k
R21= 10k
R31= 147k
R41= 10.7k

R12=71.5k
R22= 10.7k
R32= 147k
R42= 10k

Our design is now complete. We have only to generate a
TIL or CMOS compatible clock at 100kHz which we feed
to the clock pin of the switched capacitor filter and we
should be "on the air."
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DESIGNING BANDPASS FILTERS - THEORY BEHIND
THE DESIGN

Traditionally, bandpass filters have been designed by
laborious calculations requiring some time to complete.
At the present time programs for various personal or labo-
ratory computers are often used. In either case, no small
amount of time and/or money is involved to evaluate, and
later test, a filter design.

Many designers have inquired as to the feasibility of
cascading 2nd order bandpass sections of relatively low Q
to obtain more selective, higher Q, filters. This approach
is ideally suited to the LTC family of switched capacitor
filters (LTC1059,1060, 1061 and 1064).The clock to center
frequency ratio accuracy of a typical "Mode 1" design
with non "A" parts is better than 1% in a design that sim-
ply requires three resistors of 1% tolerance or better. Also,
no expensive high precision film capacitors are required
as in the active op-amp state variable design.

We present here an approach for designing bandpass fil·
ters using the LTC1059,1060,1061or the 1064which many
designers have "on the air" in days instead of weeks.

CASCADING IDENTICAL 2ND ORDER BANDPASS
SECTIONS

When we want to detect single frequency tones and si-
multaneously reject signals in close proximity, simple 2nd
order bandpass filters often do the job. However, there are
cases where a 2nd order section cannot be implemented

with the required characteristics (generally the Q's are too
high). We wish to explore here the use of cascaded identi·
cal2nd order sections for building high Q bandpass filters.

For a 2nd order bandpass filter:

v'1=G2 f/fo
Q=-G- x 11-(f/foJ21 (1)

Where Q is the required filter quality factor

f is the frequency where the filter should have gain, G,
expressed in VoltslV.

fa is the filter center frequency. Unity gain is assumed
at fa.

We wish to design a 2nd order BP filter to pass 150Hz and
to attenuate 60Hz by 50dB. The required Q may be calcu·
lated from Equation (1):

SoQ_.J1-(3.162X10-3)2X 60/150 150.7
, 3.162x10-3 11-(60/150)21

This very high Q dictates a - 3dB bandwidth of 1Hz.

Although the universal switched capacitor filters can
realize such high Q's, their guaranteed center frequency
accuracy of ± 0.3%, although impressive, is not enough to



Application Note 27A

pass the 150Hz signal without gain error. According to the
previous equation, the gain at 150Hz will be 1 ± 26%; the
rejection, however, at 60Hz will remain at - 50dB. The gain
inaccuracy can be corrected by tuning resistor R4 when
mode 3, Figure 2, is used. Also, if only detection of the
signal is sought, the gain inaccuracy could be acceptable.

This high 0 problem can be solved by cascading two iden-
tical 2nd order bandpass sections. To achieve a gain, G, at
frequency f the required 0 of each 2nd order section is:

0= "J1-G x flfo
-JG 11- {f/foFI

The gain at each bandpass section is assumed unity.

In order to obtain 50dB attenuation at 60Hz, and still pass
150Hz,we will use two identical 2nd order sections.

We can calculate the required 0 for each of two 2nd order
sections from Equation (2):

So 0= "J1-3.162x10-3 x 60/150 8511
, "J3.162 x 10-3 11-(60/150)21' ..

With two identical 2nd order sections each with a poten-
tial error in center frequency, fo, of ± 0.3% the gain error
at 150Hz is 1± 0.26%. If lower cost (non "A" versions of
LTC1060and LTC1064)2nd order bandpass sections are
used with an fo tolerance of ± 0.8%, the gain error at
150Hz is 1± 1.8%! The benefits of lower 0 sections are
therefore obvious.

HARDWARE IMPLEMENTATION

Mode 1 Operation of LTC1060, 1061, 1064

As previously discussed, we associate resistors with each
2nd order section, so R1x belongs to x section. Thus R12,
R22 and R23 belong to the second of the two 2nd order
sections, Figure 4.

Each section has the same requirements as shown:

fo1=foF 150Hz
01=0=8.5
HoBP1= HoBP2= 1

Note that we could get gain out of our BP filter structure
by letting the product of the HoBPterms be > 1 (within the
performance limits of the filter itself).

For our example using the LTC1060 we will use
fo1= f02= fCLK/100.So we input a 15kHz clock and tie the
50/100/Hoid pin to mid-supplies (ground for ± 5V supplies).

We can implement this filter using the two sections of an
LTC1060filter operated in mode 1. Mode 1 is the fastest
operating mode of the switched capacitor filters. It pro·
vides Lowpass, Bandpass and Notch outputs.

Each 2nd order section will perform approximately as
shown in Figure 5, curve (a).

Implementation in mode 1 is simple as only three resistors
are required per section. Since we are cascading identical
sections, the calculations are also simple.



We can calculate the resistor values from the indicated
formulas and then choose 1% values. (Note that we let our
minimum value be 20k.)The required values are:

R11= R12= 169k
R21= R22= 20k
R31= R32= 169k

Our design is complete. The performance of two 2nd order
sections cascaded versus one 2nd order section is shown
in Figure 5, curve (b).We must, however, generate a TTL or
CMOS clock at 15kHz to operate the filter.

Mode 2 Operation of LTC1060 Family

Suppose that we have no 15kHz clock source readily avail-
able. We can use what is referred to as mode 2, which al-
lows the input clock frequency to be less than 50:1or 100:1

cc-10
~
~ -20

V>

~ -30

~
CD -40

-60
30 50 100 150 300 500 lk

FREOUENCY (Hz)

Figure 5. Cascading Two 2nd Order BP Sections for Higher Q
Response
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[fCLKlfo= 50 or 100]. This still depends on the connection
of the 50/100/Hoid pin.

If we wish to operate our previous filter from a television
crystal at 14.318MHz we could divide this frequency by
1000to give us a clock of 14.318kHz.We could then set up
our mode 2 filter as shown in Figure 6.

We can calculate the resistor values from the formulas
shown and then choose 1% values. The required values
are:

R11, R12= 162k
R21, R22= 20k
R31, R32= 162k
R41, R42= 205k

CASCADING MORE THAN TWO IDENTICAL
2ND ORDER BP SECTIONS

If more than two identical bandpass sections (2nd order)
are cascaded, the required 0 of each section may be
shown to be:

~1- G21n
O---x

- G11n

(flfo)
11 - (flfo)21

where 0, G, f and fo are as previously defined and n = the
number of cascaded 2nd order sections.
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The equivalent Q of the overall bandpass filter is then:

Q . _ Q(identical section) (4)
eqUiv - ~(211n)-1

Figure 7 shows the passband curves for Q = 2 cascaded
bandpass sections where n is the number of 2nd order
sections cascaded.

The benefits can be seen for two and three cascaded sec-
tions. Cascading four or more sections increases the Q,
but not as rapidly. Nevertheless for designers requiring
high Q bandpass filters cascading identical sections is a
very real option considering the simplicity.

SIMPLE 2ND ORDER BANDPASS FILJERS

Gain and Phase Relations

The bandpass output of each 2nd order filter section of the
LTC1059, 60, 61, 64, closely approximates the gain and
phase response of an ideal "textbook" filter.

(HoBP)x (ffo)/Q
G = [(fo2_ f2)2+ (ffolQ)2]112

G = filter gain in VoltsN

fa = the filter's center frequency

Q = the quality coefficient of the filter

HoBP= the maximum voltage gain of the filter
occurring at fa

~ = the - 3dB bandwidth of the filter

Figure 8 illustrates the above definitions. Figure 9 i1lus·
trates the bandpass gain, G, for various values of Q. This
figure is very useful for estimating the filter attenuation
when several identical 2nd order bandpass filters are
cascaded. High Q's make the filter more selective, and at
the same time, more noisy and more difficult to realize.
Q's in excess of 100 can be easily realized with the univer-
sal switched capacitor filters, LTC1059,60, 61,64, and still
maintain low center frequency and Q drift, but for system
considerations, this may not be practical.
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Figure 7. Frequency Response of n Cascaded Identical 2nd Order
Bandpass Sections

~ HoBP
~ 0.707H08P

~

fl=lo (;d+ JChy +1)

fH=lo (io + J(io)2 +1)

S-20
:e
~-30
<3
~-40
if:!-so 0=20

-60

-70

-80
01 0.3 0.50.7 1 3 5 7 10

NORMALIZED FREQUENCY



Application Note 27A

The phase shift, ep, of a 2nd order bandpass filter is:

~(f 2_f2) Jep = - arctan l-It;- x Q

The phase shift at fo is 0° or, if the filter is inverting, it is
-180°. All the bandpass outputs of the LTC1059,60, 61
and LTC1064 universal filters are inverting. The phase
shift, especially in the vicinity of fo, depends on the value
of Q, see Figure 10.By the same argument, the phase shift
at a given frequency varies from device to device due to
the fo tolerance. This is true especially for high Q's and in
the vicinity of fo. For instance, a LTC1059A,2nd order uni-
versal filter, has a guaranteed initial center frequency
tolerance of ± 0.3%. The ideal phase shift at the ideal fo
should be -180°. With a Q of 20, and without trimming,
the worst case phase shift at the ideal fo will be -180°
± 6.8°. With a Q of 5 the phase shift tolerance becomes
-180° ± 1.70. These are important considerations when
bandpass filters are used in multichannel systems where

phase matching is required. By way of comparison, a state
variable active bandpass filter built with 1% resistors and
1% capacitors may have center frequency variation of
± 2% resulting in phase variations of ± 38.8° for Q = 20
and ± 11.4° for Q= 5.

Constant a Ys. Constant BW

The bandpass outputs of the universal filters are "con·
stant Q." For instance, a 2nd order bandpass filter operat-
ing in mode 1 with a 100kHz clock (see LTC1060 data
sheet) ideally has a 1kHz or 2kHz center frequency, and
a - 3dB bandwidth equal to (folQ). When the clock fre-
quency varies, the center frequency and bandwidth will
vary at the same rate. In a constant bandwidth filter, when
the center frequency varies, the Q varies accordingly to
maintain a constant (folQ) ratio. A constant bandwidth BP
filter could be implemented using 2nd order switched
capacitor filters but this is beyond the scope of this paper.

±10~

=20"
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±40'

'" ±50'
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±70'
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Using The Tables

Tables 1 through 4 were derived from textbook filter theory.
They can be easily applied to the LTC filter family
(LTC1059,1060,1061and 1064)if the a's are kept relatively
low «20) and the tuning resistors are at least 1% toler·
ance. These lower a designs provide almost textbook BP
filter performance using LTC's switched capacitor filters.
For higher a implementations, tuning should be avoided
and the "A" versions of the LTC1059,1060, 1061 or 1064
should be specified. Also, resistor tolerances of better
than 1% are a necessity.

Table 1 may be used to find pole positions and a's for
Butterworth bandpass filters. It should be noted that the
bandpass filters in these tables are geometrically symmet-
rical about their center frequencies, foBP.Any frequency,
f3, as shown in Figure 11 has its geometrical counterpart
f4 such that:

f4= foBp2
f3

Additionally, Table 1 illustrates the attenuation at the fre-
quencies f3, f5, f7 and f9 which correspond to bandwidths 2,
3,4 and 5 times the passband (see Figure 11).These values
allow the user to get a good estimate of filter selectivity.

An important approximation can be made for not only the
Butterworth filters in Table 1, but also for the Chebyshev
filter Tables 2,3 and 4. Treating Figure 11 (or Figure 12)as
a generalized bandpass filter, the two corner frequencies
f2 and f1 can be seen to be nearly arithmetically symmet-
rical with respect to foBPprovided that:

foBP 1
BW»2' BW=f2-f1

Under this condition, for either Butterworth or Chebyshev
bandpass filters:

foBP=f3- f4+ f3
2

foBP=f5- f6+ f5
2

This is true for any bandwidth, BW,and any set of frequen-
cies. The tables can now be arithmetically scaled as
illustrated.

Q
-3

A2

'" A3u

z
<i'
'" A4

A5 5BW

(12-ll)~BW

v'f1l2 = loBP

19 17 15 13 I, loBP f2 14 16 IB flO
FREQUENCY (lOG SCALE)

(f f)= ±BW+"~(BW~)2-+~4(f~oBP-)2
1· 2 2

MORE GENERAllY (fx. Ix+d= ±nBW+'/(n~W)2+4(foBP)2

(VAllO FOR ANY Ix. fx+ 1 PAIR. ANY BW)

Figure 11. Generalized Bandpass Butterworth Response,
(See Table 1)

.fi4G =loBP

(I f )_ ±2BW+'/(2BW)2+4(foBP)2
4. 3 2

FOR ANY (fx. Ix+') PAIR ANO
ANY CORRESPCNOING BANDWIOTH
(2BW. 3BW. ETC.)

FOR EXAMPLE:

(160 15)= ±3BW+'/(3BW)2+4(loBP)2
2

Figure 12. Generalized 4th, 6th, & 8th Order Chebyshe1 Bandpass
Filter with 2dB Passband Ripple (AMAXl



GAIN AT GAIN AT GAIN AT GAIN AT
'oBP(Hz) 'oBp/BW (Hz) '01 (Hz) '02 (Hz) '03 (Hz) '04 (Hz) '-3dB(Hz) '-3dB(Hz) Q1=Q2 K 'j{Hz) '3 (Hz) '3 (dB)-A2 'S(Hz) 'S(dB)-A3 '7 (Hz) '7 (dB)-A4 'g(Hz) 'g(dB)-AS

4th Order Butterworth Bandpass Filler Normalized to its Center Frequency, 'oBP = 1, and - 3dB Bandwidth (BW)

1 1 0.693 1.442 0.500 2.000 1.5 2.28 0.500 0.414 -12.3 0.303 -19.1 0.236 -24.0 0.193 -28.0
I 2 0.836 1.195 0.781 1.281 2.9 2.07 0.781 0.618 -12.3 0.500 -19.1 0.414 -24.0 0.351 -28.0
I 3 0.885 1.125 0.847 1.180 4.3 2.07 0.847 0.721 -12.3 0.618 -19.1 0.535 -24.0 0.469 -28.0
1 5 0.932 1.073 0.905 1.105 7.1 2.04 0.905 0.820 -12.3 0.744 -19.1 0.677 -24.0 0.618 -28.0
1 10 0.965 1.036 0.951 1.051 14.2 2.03 0.951 0.905 -12.3 0.861 -19.1 0.820 -24.0 0.781 -28.0
1 20 0.982 1.018 0.975 1.025 28.3 2.03 0.975 0.951 -12.3 0.928 -19.1 0.905 -24.0 0.883 -28.0

6th Order Butterworth Bandpass Filter Normalized to its Center Frequency, 'oBP = 1, and - 3dB Bandwidth (BW)

Q3
1 1 0.650 1.539 1.000 0.500 2.000 2.2 1.0 4.79 0.500 0.414 -18.2 0.303 -28.6 0.236 -36.1 0.193 -41.9
1 2 0.805 1.242 1.000 0.781 1.281 4.1 2.0 4.18 0.781 0.618 -18.2 0.500 -28.6 0.414 -36.1 0.351 -41.9
1 3 0.866 1.155 1.000 0.847 1.180 6.1 3.0 4.07 0.847 0.721 -18.2 0.618 -28.6 0.535 -36.1 0.469 -41.9
1 5 0.917 1.091 1.000 0.905 1.105 10.0 5.0 4.03 0.905 0.820 -18.2 0.744 -28.6 0.677 -36.1 0.618 -41.9
1 10 0.958 1.044 1.000 0.951 1.051 20.0 10.0 4.01 0.951 0.905 -18.2 0.861 -28.6 0.820 -36.1 0.781 -41.9
1 20 0.979 1.022 1.000 0.975 1.025 40.0 20.0 4.00 0.975 0.951· -18.2 0.928 -28.6 0.905 -36.1 0.663 -41.9

8th Order Butterworth Bandpass Filter Normalized to its Center Frequency, 'oBP = 1, and - 3dB Bandwidth (BW)

Q3=Q4
1 1 0.809 1.237 0.636 1.574 0.500 2.000 1.1 2.9 10.14 0.500 0.414 -24.0 0.303 -38.0 0.236 -48.1 0.193 -55.8
1 2 0.907 1.103 0.795 1.259 0.781 1.281 2.2 5.4 8.48 0.781 0.618 -24.0 0.500 -38.0 0.414 -48.1 0.351 -55.8
1 3 0.938 1.066 0.858 1.166 0.847 1.180 3.3 7.9 8.15 0.847 0.721 -24.0 0.618 -38.0 0.535 -48.1 . 0.469 -55.8
1 5 0.962 1.039 0.912 1.097 0.905 1.105 5.4 13.1 8.05 0.905 0.820 -24.0 0.744 -38.0 0.677 -48.1 0.618 -55.8
1 10 0.981 1.019 0.955 1.047 0.951 1.051 10.8 26.2 8.00 0.951 0.905 -24.0 0.861 -38.0 0.820 -48.1 0.781 -55.8
1 20 0.990 1.010 0.977 1.023 0.975 1.025 21.6 52.3 8.00 0.975 0.951 -24.0 0.928 -38.0 0.905 -48.1 0.883 -55.8



GAIN AT GAIN AT GAIN AT GAIN AT
'oBP(Hz) 'oBpIBW1' (Hz) '01 (Hz) '02 (Hz) foBpIBW2" (Hz) '-3dB (Hz) '-3dB(Hz) 01=02 K f1(Hz) '3 (Hz) 'idB)-A2 f5(Hz) 'S(dB)-A3 f7(Hz) '7 (dB)-A4 19 (Hz) f9(dB)-A5

I I I I I I I I I I I I I I
Pmband Ripple, AMAX= 0.1dB

1 1 0.488 2.050 0.52 0.423 2.364 1.1 3.81 0.500 0.414 -3.2 0.303 -08.7 0.236 - 13.6 0.193 -17.4
1 2 0.703 1.422 1.03 0.626 1.597 1.8 2.66 0.781 0.618 -3.2 0.500 -08.7 0.414 -13.6 0.351 -17.4

1 3 0.793 1.261 1.54 0.727 1.375 2.6 2.48 0.847 0.721 -3.2 0.618 -08.7 0.535 -13.6 0.469 -17.4
1 5 0.871 1.148 2.58 0.825 1.213 4.3 2.38 0.905 0.820 -3.2 0.744 -08.7 0.677 -13.6 0.618 -17.4
1 10 0.933 1.071 5.15 0.908 1.102 8.5 2.38 0.951 0.905 -3.2 0.861 -08.7 0.820 -13.6 0.781 -17.4
1 20 0.966 1.035 10.31 0.953 1.050 16.9 2.37 0.975 0.951 -3.2 0.928 -08.7 0.905 -13.6 0.883 -17.4

Passband Ripple, AMAX= O.5dB

1 1 0.602 1.660 0.72 0.523 1.912 1.6 3.80 0.500 0.414 -7.9 0.303 -15.0 0.236 -20.2 0.193 -24.1
1 2 0.777 1.287 1.44 0.711 1.406 2.9 3.17 0.781 0.618 -7.9 0.500 -15.0 0.414 -20.2 0.351 -24.1
1 3 0.845 1.182 2.16 0.795 1.258 4.3 3.07 0.847 0.721 -7.9 0.618 -15.0 0.535 -20.2 0.469 -24.1
1 5 0.904 1.106 3.60 0.871 1.149 7.1 3.03 0.905 0.820 -7.9 0.744 -15.0 0.677 -20.2 0.618 -24.1
1 10 0.951 1.051 7.19 0.933 1.072 14.1 2.98 0.951 0.905 -7.9 0.861 -15.0 0.820 -20.2 0.781 -24.1
1 20 0.975 1.025 14.49 0.966 1.035 28.1 2.97 0.975 0.951 -7.9 0.928 -15.0 0.905 -20.2 0.883 -24.1

Passband Ripple, AMAX= 1.OdB

1 1 0.639 1.584 0.82 0.562 1.779 2.0 4.42 0.500 0.414 -10.3 0.303 -17.7 0.236 -23.0 0.193 -27.0
1 2 0.799 1.251 1.84 0.741 1.349 3.7 3.85 0.781 0.618 -10.3 0.500 -17.7 0.414 -23.0 0.351 -27.0
1 3 0.861 1.161 2.47 0.818 1.223 5.5 3.76 0.847 0.721 -10.3 0.618 -17.7 0.535 -23.0 0.469 -27.0
1 5 0.914 1.094 4.12 0.886 1.129 9.2 3.71 0.905 0.820 -10.3 0.744 -17.7 0.677 -23.0 0.618 -27.0
1 10 0.956 1.046 8.20 0.941 1.063 18.2 3.70 0.951 0.905 -10.3 0.861 -17.7 0.820 -23.0 0.781 - 27.0
1 20 0.978 1.022 16.39 0.970 1.031 36.5 3.63 0.975 0.951 -10.3 0.928 -17.7 0.905 -23.0 0.883 -27.0

Passband Ripple, AMAX= 2.OdB

1 1 0.668 1.496 0.93 0.598 1.672 2.7 6.00 0.500 0.414 -12.7 0.303 -20.3 0.236 -25.5 0.193 -29.5
1 2 0.816 1.225 1.88 0.767 1.304 5.1 5.30 0.781 0.618 -12.7 0.500 -20.3 0.414 -25.5 0.351 -29.5
1 3 0.873 1.145 2.79 0.837 1.195 7.5 5.22 0.847 0.721 -12.7 0.618 -20.3 0.535 -25.5 0.469 -29.5
1 5 0.922 1.085 4.65 0.898 1.113 12.5 5.13 0.905 0.820 -12.7 0.744 -20.3 0.677 -25.5 0.618 -29.5
1 10 0.960 1.041 9.35 0.948 1.055 24.9 5.13 0.951 0.905 -12.7 0.861 -20.3 0.820 -25.5 0.781 -29.5
1 20 0.980 1.021 18.87 0.974 1.027 49.8 5.07 0.975 0.951 -12.7 0.928 -20.3 0.905 -25.5 0.883 - 29.5

"oBP/BW1 - This is the ratio of the bandpass filter center 'requency to the ripple bandwidth of the filter.
"'oBP/BWz - This is the ratio of the bandpass filter center 'requency to the - 3dB filter bandwidth.
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GAIN AT GAIN AT GAIN AT GAIN AT
'.8PIHz) '.BplBVI,' (Hz) '.1 1Hz) f02(Hz) '03IHz) f.BP'BW2·'IHz) '-3dB(Hz) '-3dB(Hz) 01=02 0=3 K ',(Hz) '3(Hz) '3(dBf-A2 '5 (Hz) f5(dBf-A3 f1(Hz) f1(dBf-A4 '9 (Hz) f9(dBf-AS

I I I I I I I I I I I
Passband Ripple, AMAX = 0.1 dB

1 1 0.558 1.791 1.000 0.72 0.523 1.912 2.4 1.0 9.9 0.500 0.414 -12.2 0.303 -23.6 0.236 -31.4 0.193 -37.3
1 2 0.741 1.349 1.000 1.44 0.711 1.406 4.3 2.1 7.9 0.781 0.618 -12.2 0.500 -23.6 0.414 -31.4 0.351 -37.3
1 3 0.818 1.222 1.000 2.16 0.795 1.258 6.3 3.1 7.5 0.847 0.721 -12.2 0.618 -23.6 0.535 -31.4 0.469 -37.3
1 5 0.886 1.128 1.000 3.60 0.871 1.149 10.4 5.2 7.4 0.905 0.820 -12.2 0.744 -23.6 om -31.4 0.618 -37.3
I 10 0.941 1.062 1.000 7.19 0.933 1.072 20.6 10.3 7.3 0.951 0.905 -12.2 0.861 -23.6 0.820 -31.4 0.781 -37.3
1 20 0.970 1.030 1.000 14.49 0.966 1.035 41.3 20.6 7.3 0.975 0.951 -12.2 0.928 -23.6 0.905 -31.4 0.883 -37.3

Passband Ripple, AMAX = 0.5dB

1 1 0.609 1.641 1.000 0.86 0.574 1.741 3.6 1.6 14.8 0.500 0.414 -19.2 0.303 -30.8 0.236 -38.6 0.193 -44.5
1 2 0.776 1.286 1.000 1.72 0.750 1.333 6.6 3.2 12.5 0.781 0.618 -19.2 0.500 -30.8 0.414 -38.6 0.351 -44.5
1 3 0.844 1.185 1.000 2.57 0.824 1.213 9.7 4.8 12.0 0.847 0.721 -19.2 0.618 -30.8 0.535 -38.6 0.469 -44.5
1 5 0.903 1.107 1.000 4.29 0.893 1.123 16.1 8.0 11.8 0.905 0.820 -19.2 0.744 -30.8 0.677 -38.6 0.618 -44.5
1 10 0.950 1.052 1.000 8.55 0.943 1.060 32.0 16.0 11.8 0.951 0.905 -19.2 0.861 -30.8 0.820 -38.6 0.781 -44.5
1 20 0.975 1.026 1.000 16.95 0.971 1.030 63.8 32.0 11.4 0.975 0.951 -19.2 0.928 -30.8 0.905 -38.6 0.883 -44.5

Passband Ripple, AMAX = I.OdB

1 1 0.626 1.598 1.000 0.91 0.593 1.687 4.5 2.0 20.1 0.500 0.414 -22.5 0.303 -34.0 0.236 -41.9 0.193 -47.8
1 2 0.787 1.271 1.000 1.83 0.763 1.310 8.3 4.1 17.1 0.781 0.618 -22.5 0.500 -34.0 0.414 -41.9 0.351 -47.8

1 3 0.852 1.174 1.000 2.74 0.834 1.199 12.3 6.1 16.7 0.847 0.721 -22.5 0.618 -34.0 0.535 -41.9 0.469 -47.8
1 5 0.900 1.101 1.000 4.59 0.897 1.115 20.3 10.1 16.4 0.905 0.820 -22.5 0.744 -34.0 0.677 -41.9 0.618 -47.8
1 10 0.953 1.050 1.000 9.17 0.947 1.056 40.5 20.2 16.4 0.951 0.905 -22.5 0.861 -34.0 0.820 -41.9 0.781 -47.8
1 20 0.976 1.024 1.000 18.18 0.973 1.028 81.0 40.5 16.4 0.975 0.951 -22.5 0.928 -34.0 0.905 -41.9 0.883 -47.8

Passband Ripple, AMAX = 2.OdB

1 1 0.639 1.565 1.000 0.97 0.609 1.642 6.0 2.7 31.7 0.500 0.414 -26.0 0.303 -37.5 0.236 -45.4 0.193 -51.3
1 2 0.795 1.257 1.000 1.94 0.775 1.291 11.1 5.4 27.4 0.781 0.618 -26.0 0.500 -37.5 0.414 -45.4 0.351 -51.3

1 3 0.858 1.165 1.000 2.91 0.843 1.187 16.5 8.1 26.7 0.847 0.721 -26.0 0.618 -37.5 0.535 -45.4 0.469 -51.3
1 5 0.912 1.096 1.000 4.83 0.902 1.109 27.2 13.6 26.2 0.905 0.820 -26.0 0.744 -37.5 0.677 -45.4 0.618 -51.3

1 10 0.955 1.047 1.000 9.71 0.950 1.053 54.3 27.1 26.0 0.951 0.905 -26.0 0.861 -37.5 0.820 -45.4 0.781 -51.3
1 20 0.977 1.023 1.000 19.61 0.975 1.026 108.5 54.2 26.0 0.975 0.951 -26.0 0.928 -37.5 0.905 -45.4 0.883 -51.3

'f.BPIBW, - This is the ratio of the bandpass filter center frequency to the ripple bandwidth of the filter.
"f.aplBW2 - This is the ratio of the bandpass filter center frequency to the - 3dB filter bandwidth.



GAIN AT GAIN AT GAIN AT GAIN AT
foBP(Hz) 'oBplBW1' (Hz) '01 (Hz) f02(Hz) 103(Hz) 104(Hz) 'oBplBW2" (Hz) '-3dB(Hz) '-3dB(Hz) 01=02 03=04 K ',(Hz) 13(Hz) f3(dB)-A2 '5 (Hz) '5(dB)-A3 '7 (Hz) f7(dB)-A4 Ig(Hz) 'g(dB)-A5

I I I I I I I I I I I I I I
Passband Ripple, AMAX = 0.1dB

1 1 0.785 1.274 0.584 1.713 0.82 0.563 1.776 1.6 4.4 40.6 0.500 0.414 -23.4 0.303 -38.8 0.236 -49.3 0.193 -57.1
1 2 0.889 1.125 0.757 1.320 1.65 0.742 1.348 3.2 7.9 32.1 0.781 0.618 -23.4 0.500 -38.8 0.414 -49.3 0.351 -57.1
1 3 0.925 1.081 0.830 1.204 2.48 0.818 1.222 4.7 11.6 30.5 0.847 0.721 -23.4 0.618 -38.8 0.535 -49.3 0.469 -57.1
1 5 0.954 1.048 0.894 1.118 4.12 0.886 1.129 7.9 19.1 29.9 0.905 0.820 -23.4 0.744 -38.8 0.677 -49.3 0.618 -57.1
1 10 0.977 1.023 0.945 1.058 8.20 0.941 1.063 15.7 37.9 29.8 0.951 0.905 -23.4 0.861 -38.8 0.820 -49.3 0.781 -57.1
1 20 0.988 1.012 0.972 1.028 16.39 0.970 1.031 31.4 75.7 29.8 0.975 0.951 -23.4 0.928 -38.8 0.905 -49.3 0.883 -57.1

Passband Ripple, AMAX = 0.5dB

1 1 0.808 1.236 0.613 1.632 0.91 0.593 1.886 2.4 6.4 90.1 0.500 0.414 -30.2 0.303 -45.5 0.236 -56.0 0.193 -63.9
1 2 0.900 1.111 o.m 1.286 1.83 0.763 1.310 4.8 11.8 74.3 0.781 0.618 -30.2 0.500 -45.5 0.414 -56.0 0.351 -63.9
1 3 0.932 1.073 0.845 1.183 2.74 0.834 1.199 7.1 17.4 71.5 0.847 0.721 -30.2 0.618 -45.5 0.535 -56.0 0.469 -63.9
1 5 0.959 1.043 0.903 1.107 4.59 0.897 1.115 11.8 28.7 70.0 0.905 0.820 -30.2 0.744 -45.5 0.677 -56.0 0.618 -63.9
I 10 0.979 1.021 0.950 1.052 9.17 0.947 1.058 23.6 57.1 70.0 0.951 0.905 -30.2 0.861 -45.5 0.820 -56.0 0.781 -63.9
I 20 0.989 1.010 0.975 1.026 18.18 0.973 1.028 47.2 114.0 70.0 0.975 0.951 -30.2 0.928 -45.5 0.905 -56.0 0.883 -63.9

Passband Ripple, AMAX = 1.OdB

1 1 0.814 1.228 0.622 1.607 0.95 0.604 1.656 3.0 8.0 162.8 0.500 0.414 -32.\l 0.303 -48.3 0.236 -58.8 0.193 -66.6
1 2 0.903 1.107 0.784 1.275 1.90 0.771 1.297 6.0 14.8 133.2 0.781 0.618 -32.9 0.500 -48.3 0.414 -58.8 0.351 -666
1 3 0.934 1.070 0.850 1.177 2.85 0.840 1.191 8.9 21.8 128.1 0.847 0.721 -32.9 0.618 -48.3 0.535 -58.8 0.469 -66.6
1 5 0.960 1.041 0.906 1.103 4.74 0.900 1.111 14.9 36.0 127.7 0.905 0820 -32.9 0.744 -48.3 0.677 -58.8 0.618 -66.6
1 10 0.980 1.020 0.952 1.050 9.52 0.949 1.054 29.7 71.7 124.0 0.951 0.905 -32.9 0.861 -48.3 0.820 -58.8 0.781 -66.6
1 20 0.990 1.010 0.976 1.025 18.87 0.974 1.027 59.4 143.0 120.0 0.975 0.951 -32.9 0.928 -48.3 0.905 -58.8 0.883 -66.6

Passband Ripple, AMAX = 2.0dB

1 1 0.820 1.220 0.629 1.589 0.98 0.613 1.631 4.0 10.6 374.8 0.500 0.414 -35.4 0.303 -50.8 0.236 -61.3 0.193 -69.2
1 2 0.905 1.104 0.789 1.286 1.96 o.m 1.287 7.9 19.6 312.6 0.781 0.618 -35.4 0.500 -50.8 0.414 -61.3 0.351 -69.2
1 3 0.936 1.058 0.853 1.172 2.95 0.845 1.184 11.9 29.0 302.0 0.847 0.721 -35.4 0.618 -50.8 0.535 -61.3 0.469 -69.2
1 5 0.961 1.040 0.909 1.100 4.90 0.903 1.107 19.7 47.9 302.0 0.905 0.820 -35.4 0.744 -50.8 0.677 -61.3 0.618 -69.2
1 10 0.980 1.020 0.953 1.049 9.80 0.950 1.052 39.5 95.4 302.0 0.951 0.905 -35.4 0.861 -50.8 0.820 -61.3 0.781 -69.2
1 20 0.990 1.010 0.976 1.024 19.61 0.975 1.028 79.0 190.0 302.0 0.975 0.951 -35.4 0.928 -50.8 0.905 -61.3 0.883 -69.2

'foBplBW, - This is the ratio of the bandpass filter center Irequency to the ripple bandwidth of the filter.
"foBplBW2 - This is the ratio of the bandpass filter center frequency to the - 3dB filter bandwidth.
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Chebyshev or Butterworth - A System Designers
Confusion

The filter designer/mathematician is familiar with terms
such as:

Kc=tanh A
A=~osh-tl

n E
Ripple bandwidth = 1/cosh A
and Ada= 10 log [1 + E~Cn2(0)1.

This is all gobbledygook (not to be confused with fIooby·
dust) to the system designer. The system designer is ac-
customed to - 3dB bandwidths and may be tempted to
use only Butterworth filters because they have the cher-
ished - 3dB bandwidths. But specs. are specs. and But·
terworth bandpass filters are only so good. Chebyshev
bandpass filters trade off ripple in the passband for some·
what steeper rolloff to the stopband. More ripple trans-
lates to a higher "Q" filter. The pain of the filter designer is
sometimes tolerable to the system designer.

Tables 1 through 4 are unique (we think) in that they pre·
sent - 3dB bandwidths for Chebyshev filters for use by
system desingers. Nevertheless we would be amiss to Mr.
Chebyshev if we did not, at least, explain ripple
bandwidth.

1081'

FREOUENCY

It can be clearly seen that the ripple bandwidtH
(f1ripple- f2rippl~ is the band of passband frequencie
where the ripple is less than or equal to a specific value
(RdS).The - 3dB bandwidth is seen to be greater than the
ripple bandwidth and that is the subject of much confu-
sion on the part of the system designer.

Tables 1 through 4 allow the system designer to us
- 3dB bandwidths to specify Chebyshev BP filters. The
Chebyshev approximation to the ideal BP filter has man~
benefits over the Butterworth filter near the cutoff
frequency.

Figure 13shows the Chebyshev bandpass filter at frequen·
cies near the passband. YOU CAN DESIGNWITH CHEBYSHEVFILTERS!!!

EXAMPLE 3 - DESIGN

Use Table 4 to design an 8th order all pole Chebyshev
bandpass filter centered at foBP= 10.2kHz with a - 3dB
bandwidth equal to 800Hzas shown in Figure 14.

800Hz

\

V \
V 1\

v ..••.
+

'oBP= 10.2kHz

FREOUENCY (Hz)

Figure 14. Example 3 - 8th Order Chebyshev BP Filter
'oBP = 10.2kHz, BW = 800Hz

We choose AMAX= 0.1dB. Now we calculate:

foBP 10.2kHZ_1275fBW(- 3dB) 800Hz - .
We can now extract from Table 4 the following line:

Since our bandwidth ratio foBP/BW2is not exactly on a
chart line, but between two lines, we must arithmetically
scale to obtain our design parameters. Our foBP/BW2ratio
lies between 8.2and 16.39.(Remember,this is - 3dB BW!)
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For a symmetrical bandpass filter the poles are symmet-
rical about foBP.Then:

(fo2- fo1)= (1.023- 0.977)x 10.2kHzx C~:;5) = 302Hz

N ( 8.2) foBP S I' F tote: 12.75 = BW ca mg ac or

So our first two poles lie symmetrically about fo(10.2kHz)
and are 302Hz apart:

fo2= 10200Hz+ 302Hzl2 = 10351Hz

fo1= 10200Hz- 302Hzl2 = 10049Hz

The Q of these two poles is equal and is also scaled:
12.75

Q1= Q2= 15.7xaT= 24.4

We next calculate the two additional poles:

(fo4- fo3)= (1.058- 0.945)x 10.2kHz x 1~:;5 = 741Hz

foF 10200Hz-741Hzl2=9830Hz

fo4= 10200HZ+ 741Hzl2= 10571Hz

The Q's are:
12.75

Q3= Q4= 37.9x aT = 58.9

Q's of this magnitude are difficult to realize no matter how
the filter is realized. The filter designer should strive for
Q's no greater than 20 and perhaps no greater than 10 at
frequencies above 20kHz. K, for this example, is not
scaled and will be equal to 29.8 from Table 4.

Example 3 - Frequency Response Estimation

Table 4 (and also Tables 1, 2 and 3) may be used by the fil-
ter designer to obtain a good approximation to the overall
shape of the bandpass filter. Referring to Figure 12 for
Chebyshev filters, we may use the charts to find f3, f5, f7,....
These frequencies define the band edges at 2, 3,
4,.....times the ripple bandwidth of the Chebyshev Filter.

Example 3 specified a 10.2kHz bandpass filter with an
800Hz - 3dB bandwidth. Our task, if we choose to accept

it, is to convert our - 3dB bandwidth to the ripple band·
width of the filter so that we may use the tables.

Recalling that:

foBP -12.75 and that foBP= 1,
BW2(-3dB)
(Because all the tables are normalized), we calculate
BW2(- 3dB)= .0784

Comparing the Table 4 values for AMAX= 0.1dB we note
that:

foBP foBP .
BW- =- BW x (Scalmg Factor)

1(ripple) 2(- 3dB)
For AMAX=0.1dB, 8th order Chebyshev, this factor is ap-
proximately 0.82. For other order filters and/or different
values of AMAXwe can examine the corresponding chart
values to find our scaling factor.

So our ripple BW is:

BW2(-3dB) x (Scaling Factor) = BW1(riPple)
.0784 x 0.82 = .0643

Now we can calculate f3, f5, f7,.... Notice that once we find
f3, f5, f7,....it does not matter where on the table our filter
falls. The filter bandwidth determines f3, f5, f7,.....and once
we know these frequencies we can directly get our gains
at these frequencies.

By formula:
± nBW + "(nBW)2 + 4(foBP)2

(fx, fx+1l- 2

for our case foBP= 1

Calculating:

2BW = .1286 ± 2BW + ,,~.1286)2+ 4 - 1.0664,0.9378

3BW=.1929 ±3BW+,,~.1929)2+4 -1.1011,0.9082
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Then we can denormalize to find points for our Bode plot:

(f3, f4)= 0.9378 x foBP= 0.9378 x 10.2kHz = 9.566kHz
1.0664x foBP= 1.0664 x 10.2kHz= 10.877kHz

Gain = - 23.4dB both f3 and f4

(fs, f6)= 0.9082 x foBP= 0.9082 x 10.2kHz = 9.264kHz
1.1011x foBP= 1.1011x 10.2kHz = 11.231kHz

Gain = - 38.8dB both fs and f6

Application Note 27A

Example 3 - Implementation

The 10.2kHz (foBP),8th order bandpass filter can be imple-
mented with an LTC1064A using three sections in mode 2
and one section in mode 3. The implementation is shown
briefly in Figures 15 and 16. The calculations are not
shown here, but are similar to the previous hardware im·
plementations of example 1 and 2.



Application Note 27A

SECTION 1
MOOE 2
I" = 10.351kHz
0, =24.4

SECTION 2
MOOE 2
102=10.049kHz
02=24.4

R13=255k Sc(20)

R43 ~B5.6k

5V

6V+(7)

r-D50/100(17)

-61MHZ

ClK(IB) SECTION 3
MOOE 29V-(19)
10= 1O.571kHz
°3=5B.9

R14 ~ 7B.7k -5V
SA!B)

R44=10.5k

SECTION 4
MOOE3
fo=9.B30kHz
0=5B.9



Thermocouple Measurement

Introduction

In 1822, Thomas Seebeck, an Estonian physician, ac-
cidentally joined semicircular pieces of bismuth and cop-
per (Figure 1) while studying thermal effects on galvanic
arrangements. A nearby compass indicated a magnetic
disturbance. Seebeck experimented repeatedly with differ-
ent metal combinations at various temperatures, noting
relative magnetic field strengths. Curiously, he did not be-
lieve that electric current was flowing, and preferred to de-
scribe the effect as "thermo-magnetism." He published his
results in a paper, "Magnetische Polarisation der Metalle
und Erzedurch Temperatur-Differenz" (seereferences).

Subsequent investigation has shown the "Seebeck
Effect" to be fundamentally electrical in nature, repeat-
able, and quite useful. Thermocouples, by far the most
common transducer, are Seebeck's descendants.

S

COMPASS

Application Note 28
February 1988

Thermocouples in Perspective

Temperature is easily the most commonly measured
physical parameter. A number of transducers serve tem-
perature measuring needs and each has advantages and
considerations. Before discussing thermocouple based
measurement it is worthwhile putting these sensors in
perspective. Figure 2's chart shows some common con·
tact temperature sensors and lists characteristics. Study
reveals thermocouple strengths and weaknesses com-
pared to other sensors. In general, thermocouples are
inexpensive, wide range sensors. Their small size makes
them fast and their low output impedance is a benefit. The
inherent voltage output eliminates the need for excitation.

Figure 1. The Arrangement for Dr. Seebeck's Accidental
Discovery of "Thermo·Magnetism"



» I »z "0
i') "0(» RANGEOF SENSITIVITY SPEED IN
I TYPE OPERATION AT +2SoC ACCURACY LINEARITY STIRRED OIL SIZE PACKAGE COST COMMENTS 0°i')

Thermocouples -270°C to Typically less ±0.5°Cwith Poor over wide Typically 1 Sec. 0.02 In. Bead Metallic Bead, $lto $50 Requires 0
(All Types) + 18000C than 5O~V/oC Reference range, better Some Types are Typical. 0.0005 In. Variety of Probes Depending on Reference. Low -+

over=1000C Faster Units are Available. Type, Level Output 0"
Available Specifications Requires Stable :J

and Package. Signal
ZConditioning

Components. 0
Thermistors and -1000Cto =5%/oCfor ± 0.1°C Standard ± 0.2°C for lto 10 See is Beads Can be as Glass, Epoxy, $2to $10 for Highest -+
Thermistor + 450°C Thermistors. from - 40°C to Linearized Standard; 3 to Small as 0.005 Teflon Standard Units. Temperature <D
Composites =0.5%/oC for + 100°C; Composite Units lOOmsTypes are In., But 0.04 to 0.1 Encapsulated, $10 to $350 for Sensitivity of Any tv

Linearized Units. ± 0.01°C from over 100°C Available In. is Typical. Metal Housing, High Precision Common Sensor. (X)
O°Cto +60oC Ranges "Flake" Types are Etc. Types and Special Units
Available. Only 0.001 In. Specials Required for

Thick. Long Term
Stability Above
+ 100°C.

Platinum -250°Cto ApprOXimately ±O.l°C Readily Nearly Linear Typically Several 1/8to 1/4In. Glass, Epoxy, $25 to $1000 Sets Standard for
Resistance Wire + 900°C +0.5%/oC Available. OverLarge Seconds Typical. Smaller Ceramic, Teflon, Depending on Stability Over

±O.Ol°Cin Spans; Typically Sizes Available Metal, Etc. Specs; Most Long Term. Has
Precision Within 1° Over Industrial Types Wider Temp.
Standards - Lab 200°C Ranges Below $100 Range Than
Units Thermistor, but

Lower Sensitivity.
Diodes and -270°C to -2.2mV/oC ±2°Cto ±5°C Within 2° Over 1 to 10 Sec. is Standard Diode Glass, Metal Below 50 ¢. Require
Transistors + 175°C (Approx. Over - 55°C to Operating Range Standard. Small and Transistor Cryogenic Units Individual

0.33%/°C) + 125°C Diode Packages Case Sizes. Glass More Expensive Calibration. Must
Permit Speeds in Passivated Chips be Driven from
ms Range Permit Extremely Current Source

Small Sizes. for Optimum
Performance.
Extremely
Inexpensive.
Calibrated
Cryogenic Types
Available.

Integrated Circuit - 85°C to 0.4%/oC Typical Over - 55°C to Within 1° (0.2° Several Seconds TO·18 Transistor Metal, Plastic $1 to$10 Current and
+ 125°C Typical + 125°C FromO°Cto Package Size. Voltage Outputs

~

I + 70°C) Typical Also MiniDIP Available

~;;I Figure 2. Characteristics of Some Contact Temperature Sensors (Chart Adapted from Reference 2)

~
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APPROXIMATE APPROXIMATE
SENSITIVITY VOLTAGE SWING

JUNCTION MATERIALS IN ~V/'C AT25°C USEFUL TEMPERATURE RANGE (OC) OVER RANGE LETTER DESIGNATION
Copper - Constantan 40.6 -270to + 600 25.0mV T
Iron - Constantan 51.70 - 270 to + 1000 60.0mV J
Chromel - Alumel 40.6 -270to + 1300 55.0mV K
Chromel - Constantan 60.9 - 270 to + 1000 75.0mV E
Platinum 10% - Rhodium/Platinum 6.0 Oto +1550 16.0mV S
Platinum 13% - Rhodium/Platinum 6.0 Oto +1600 19.0mV R

Signal Conditioning Issues

Potential problems with thermocouples include low level
outputs, poor sensitivity and non-linearity (see Figures 3
and 4). The low level output requires stable signal condi-
tioning components and makes system accuracy difficult
to achieve. Connections (seeAppendix A) in thermocouple
systems must be made with great care to get good accu·
racy. Unintended thermocouple effects (e.g., solder and
copper create a 3p.VfOC thermocouple) in system connec·
tions make "end·to-end" system accuracies better than
D.5°C difficult to achieve.

o
2.5

E 5
>-
~ 7.5
<t:

w 10~
~ 12.5

'"~ 15
'"i17.S

20

Figure 4. Thermocouple Nonlinearity for Types J, K, E and T Over
O·C-400·C. Error Increases Over Wider Temperature Ranges.

Cold Junction Compensation

The unintended, unwanted and unavoidable parasitic
thermocouples require some form of temperature refer·
ence for absolute accuracy. (SeeAppendix A for a discus-
sion on minimizing these effects). In a typical system, a
"cold junction" is used to provide a temperature reference

(Figure 5). The term "cold junction" derives from the his-
torical practice of maintaining the reference junction at
DOC in an ice bath. Ice baths, while inherently accurate, are
impractical in most applications. Another approach servo
controls a Peltier cooler, usually at DOC, to electronically
simulate the ice bath (Figure 6).This approach' eliminates
ice bath maintenance, but is too complex and bulky for
most applications.
•A practical example of this technique appears in LTC Application Note
AN·25, "Switching Regulators for Poets."

VOUTPlJT=
V MEASUREMENT-
V COLD JUNCTION

TEMPERATURE
SENSOR

MATEO TO-
PELTIER / / /
COOLER / / / (_ +

PELTIER
COOLER

VOUTPUT=
V MEASUREMENT-
V COlO JUNCTION

Figure 6. A O·C Reference Based on Feedback Control of a
Peltier Cooler (Sensor is Typically a Platinum RTD)
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TEMPERATURE
TO BE

MEASURED

COLD
JUNCTION COMPENSATED

COMPENSATION OUTPUT
CIRCUITRY

Figure 7. Typical Cold Junction Compensation Arrangement.
Cold Junction and Compensation Circuitry must be Isothermal

Figure 7 conveniently deals with the cold junction require·
ment. Here, the cold junction compensator circuitry does
not maintain a stable temperature but tracks the cold
junction. This temperature tracking, subtractive term has
the same effect as maintaining the cold junction at con·
stant temperature, but is simpler to implement. It is de·
signed to produce OVoutput at O°Cand havea slope equal
to the thermocouple output (Seebeck coefficient) over the
expected range of cold junction temperatures. For proper
operation, the compensator must be at the same tempera-
ture as the cold junction.

O.5"C ACCURACY
4Y-36Y OPERATION
6O"A SUPPLY CURRENT
COMPATIBLEWITH TYPE E. J, K. R, SAND T THERMOCOUPLES
AUXILIARY 10mY/'C OUTPUT

Figure 8 shows a monolithic cold junction compensator
IC, the LT1025.This device measures ambient (e.g., cold
junction) temperature and puts out a voltage scaled for
use with the desired thermocouple. The low supply current
minimizes self·heating, ensuring isothermal operation
with the cold junction. It also permits battery or low power
operation. The 0.5°C accuracy is compatible with overall
achievable thermocouple system performance. Various
compensated outputs allow one part to be used with many
thermocouple types. Figure 9 uses an LT1025and an am-
plifier to provide a scaled, cold junction compensated out·
put. The amplifier provides gain for the difference between
the LT1025output and the type J thermocouple. C1 and C2
provide filtering, and A5 trims gain. A6 is a typical value,
and may require selection to accommodate A5's trim
range. Alternately, A6 may be re-scaled, and A5 enlarged,
at some penalty in trim resolution. Figure 10is similar, ex-
cept that the type K thermocouple subtracts from the
LT1025 in series-opposed fashion, with the residue fed to
the amplifier. The optional pull down resistor allows read-
ings below O°C.

Rl R3
10k 1M
1% 1%

.". TYPE J Cl
O.Q1J1F

Y+

YIN Y+

lTlO25 RI
6.8k

GNO R-
C2o.OIT

.".

R5 ~m~
2k ADJUST

Figure 9. LT1025 Cold Junction Compensates a Type J
Thermocouple. The Op Amp Provides the Amplified Difference
Between the Thermocouple and the LT1025 Cold Junction Output.
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R2 R3
1000 255k

FULL-SCALE TRIM 1%

Figure 10. LT1025 Compensates a Type K Thermocouple. The
Amplifier Provides Gain for the LT1025-Thermocouple Difference.

Amplifier Selection

The operation of these circuits is fairly straightforward, al-
though amplifier selection requires care.

Thermocouple amplifiers need very low offset voltage and
drift, and fairly low bias current if an input filter is used. The
best precision bipolar amplifiers should be used for type J,
K, E,and T thermocouples which haveSeebeck coefficients
of 40-60/tV/oC. In particularly critical applications, or for R
and S thermocouples (6-15/tV/oC),a chopper-stabilized am-
plifier is required. Linear Technology offers two amplifiers
specifically tailored for thermocouple applications. The
LTKAOxis a bipolar design with extremely low offset (30/tV),
low drift (1.5/tV/°C),very low bias current (1nA),and almost
negligible warm-up drift (supply current is 400JtA).

For the most demanding applications, the LTC1052CMOS
chopper-stabilized amplifier offers 5/tVoffset and 0.05/tV/oC
drift. Input bias current is 30pA, and gain is typically 30 mil-
lion. This amplifier should be used for Rand S thermocou-
ples, especially if no offset adjustments can be tolerated, or
where a large ambient temperature swing is expected. Al-
ternatively, the LTC1050,which has similar drift and slightly
higher noise can be used. If board space is at a premium,
the LTC1050has the capacitors internally.

Regardless of amplifier type, for best possible per-
formance dual-in-line (DIP) packages should be used to
avoid thermocouple effects in the kovar leads of TO·5
metal can packages. This is particularly true if amplifier
supply current exceeds 500/tA. These leads can generate
both DC and AC offset terms in the presence of thermal
gradients in the package and/or external air motion.

In many situations, thermocouples are used in high noise
environments, and some sort of input filter is required. To
reject 60Hz pick·up with reasonable capacitor values, in·
put resistors in the 10k-100k range are needed. Under
these conditions, bias current for the amplifier needs to be
less than 1nA to avoid offset and drift effects.

To avoid gain error, high open loop gain is necessary for
single-stage thermocouple amplifiers with 10mVJOCor
higher outputs. A type K amplifier, for instance, with
100mV/oCoutput, needs a closed loop gain of 2,500.An or·
dinary op amp with a minimum loop of 50,000would have
an initial gain error of (2,500)/(50,000)= SOlo! Although
closed loop gain is commonly trimmed, temperature drift
of open loop gain will have a deleterious effect on output
accuracy. Minimum suggested loop gain for type E, J, K,
and T thermocouples is 250,000.This gain is adequate for
type Rand S if output scaling is 10mV/oCor less.

Additional Circuit Considerations

Other circuit considerations involve protection and
common·mode voltage and noise. Thermocouple lines are
often exposed to static and accidental high voltages,
necessitating circuit protection. Figure 11 shows two sug·
gested approaches. These examples are designed to pre-
vent excessive overloads from damaging circuitry. The
added series resistance can serve as part of a filter. Ef·
fects of the added components on overall accuracy should
be evaluated. Diode clamping to supply lines is effective,
but leakage should be noted, particularly when large cur·
rent limiting resistors are used. Similarly, IC bias currents
combined with high value protection resistors can gener·
ate apparent measurement errors. Usually, a favorable
compromise is possible, but sometimes the circuit con-
figuration will be dictated by protection or noise rejection
requirements.

Differential Thermocouple Amplifiers

Figure 12A shows a way to combine filtering and full dif·
ferential sensing. This circuit features 120dB DC common-
mode rejection if all signals remain within the LTC1043
supply voltage range. The LTC1043,a switched capacitor
building block, transfers charge between the input "flying"
capacitor and the output capacitor. The LTC1043's commu-
tating frequency, which is settable, controls rate of charge



Application Note 28

OPTIONAL ...L.
fiLTER -r ":"ACCEPTABLE WHERE

-t ~~~~~~ri~~E~~~TY IS
BATTERY OPERATION

I
OPTIONAL ---

FILTER;

*
I

- v S ....L.. OPTIONAL
--:- FILTER

OUTPUT
10mV/oC

I

~470k

I
-.5V

transfer, and hence overall bandwidth. The differential in-
puts reject noise and common·mode voltages inside the
LTC1043's supply rails. Excursions outside these limits re-
quire protection networks, as previously discussed. As in
Figure 9, an optional resistor pull-down permits negative
readings. The 1M resistor provides a bias path for the
LTC1043's floating inputs. Figure 128, for use with
grounded thermocouples, subtracts sensor output from
the LT1025.

Isolated Thermocouple Amplifiers

In many cases, protection networks and differential opera-
tion are inadequate. Some applications require continu-

ous operation at high common-mode voltages with severe
noise problems. This is particularly true in industrial envi-
ronments, where ground potential differences of 100V are
common. Under these conditions the thermocouple and
signal conditioning circuitry must be completely galvan-
ically isolated from ground. This requires a fully isolated
power source and an isolated signal transmission path to
the ground referred output. Thermocouple work allows
bandwidth to be traded for DC accuracy. With careful de·
sign, a single path can transfer floating power and iso-
lated signals. The output may be either analog or digital,
depending on requirements.



Figure 13 shows an isolated thermocouple signal condi-
tioner which provides 0.25% accuracy at 175V common-
mode. A single transformer transmits isolated power and
data. 74C14 inverter 11forms a clock (trace A, Figure 14).
12, 13 and associated components deliver a stretched
pulse to the 2.2k resistor (trace B). The amplitude of this
pulse is stabilized because A1's fixed output supplies
74C14 power. The resultant current through the 2.2k resis·
tor drives L1's primary (trace E). A pulse appears at L1's
secondary (trace F, 02's emitter). A2 compares this ampli-
tude with A5's signal conditioned thermocouple voltage.
To close its loop, A2's output (trace G) drives 02's base to
force L1's secondary (pins 3-6) to clamp at A5's output
value. 02 operates in inverted mode, permitting clamping
action even for very low A5 outputs. When L1's secondary
(trace F) clamps, its primary (trace E) also clamps. After A2
settles, the clamp value is stable. This stable clamp value
represents A5's thermocouple related information. in·
verter 14generates a clock delayed pulse (trace C) which is
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FULL-SCALE TRIM
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fed to A3, a sample·hold amplifier. A3 samples L1's prima·
ry winding clamp value. A4 provides gain scaling and the
LT1004 and associated components adjust offset. When
the clock pulse (trace A) goes low, sampling ceases. When
trace B's stretched clock pulse goes low, the 15-16inverter
chain output (trace D) is forced low by the 470k-75pF
differentiator's action. This turns on 01, forcing substan·
tial energy into L1's primary (trace E). L1's secondary
(trace F) sees large magnetic flux. A2's output (trace G)
moves as it attempts to maintain its loop. The energy is far
too great, however, and A2 rails. The excess energy is
dumped into the pin 1-4 Winding, placing a large current
pulse (trace H) into the 22",F capacitor. This current pulse
occurs with each clock pulse, and the capacitor charges
to a DC voltage, furnishing the circuit's isolated supply.
When the 470k-75pF differentiator times out, the 15-16out·
put goes high, shutting off 01. At the next clock pulse the
entire cycle repeats.
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A=50V/OIV
B=50V/OIV
C=50V/DIV
D=50V/OIV
E=lOV/OIV

F=10V/OIV

G=10V/DIV

H=50mA/DIV

Figure 14. Wavefonns for Figure 13'5 Thennocouple Isolation
Amplifier

Properoperation of this circuit relies on several considera-
tions. Achievable accuracy is primarily limited by trans-
former characteristics. Current during the clamp interval
is kept extremely low relative to transformer core ca·
pacity. Additionally, the clamp period must also be short
relative to core capacity. The clamping scheme relies on
avoiding core saturation. This is why the power refresh
pulse occurs immediately after data transfer, and not be-
fore. The transformer must completely reset before the
next data transfer. A low clock frequency (350Hz)ensures
adequate transformer reset time. This low clock frequency
limits bandwidth, but the thermocouple data does not reo
quire any speed.

Gain slope is trimmed at A5, and will vary depending upon
the desired maximum temperature and thermocouple
type. The "50mV" trim should be adjusted with A5's output
at 50mV. The circuit cannot read A5 outputs below 20mV
(0.5% of scale) due to 02's saturation limitations.

Drift is primarily due to the temperature dependence of
L1's primary winding copper. This effect is swamped by
the 2.2k series value with the 60ppm/oC residue partially
compensated by 13'ssaturation resistance tempco. Over-
all tempco, including the LT1004, is about 100ppm/oC.
Increased isolation voltages are possible with higher
transformer breakdown ratings.

Figure 15's thermocouple isolation amplifier is somewhat
more complex, but offers 0.01% accuracy and typical drift
of 10ppm/oC.This level of performance is useful in servo
systems or high resolution applications. As in Figure 13,a
single transformer provides isolated data and power trans-
fer. In this case the lhermocouple information is width
modulated across the transformer and then demodulated

back to DC.11generates a clock pulse (trace A, Figure 16).
This pulse sets the 74C74 flip·flop (trace B) after a small
delay generated by 12,13and associated components. Si·
multaneously, 14,15and 01 drive L1's primary (trace C).
This energy, received by L1's secondary (trace H), is stored
in the 47/lF capacitor and serves as the circuit's isolated
supply. L1's secondary pulse also clocks a closed loop
pulse width modulator composed of C1, C2, A3 and M.
M's positive input receives A5's LT1025 based thermo·
couple signal. M servo·biases C2 to produce a pulse
width each time C1 allows the 0.003/lFcapacitor (trace E)
to receive charge via the 430kOresistor. C2's output width
is inverted by 16(trace F), integrated to DC by the 47k·
0.68/lF filter and fed back to M's negative input. The
0.68/lFcapacitor compensates M's feedback loop. M ser·
vo controls C2to produce a pulse width that is a function
of A5's thermocouple related output. 16's low loss MaS
switching characteristics combined with A3's supply sta-
bilization ensure precise control of pulse width by A4.
Operating frequency, set by the 11oscillator on L1's pri-
mary side, is normally a stability concern, but ratios out
because it is common to the demodulation scheme, as will
be shown.

16'soutput width's (trace F) negative-going edge is differ·
entiated and fed to 17.ITs output (trace G) drives 03. 03
puts a fast spike into L1's secondary (trace H). "Sing
around" behavior by C1 is gated out by the diode at C2's
positive input. 03's spike is received at L1's primary, pins
7 and 3. 02 serves as a clocked synchronous demodulator,
pulling its collector low (trace D)only when its base is high
and its emitter is low (e.g., when L1 is transferring data,
not power). 02's collector spike resets the 74C74f1ip·flop.
The MaS flip·flop is driven from a stable source (A1)and it
is also clocked at the same frequency as the pulse width
modulator. Because of this, the DCaverage of its 0 output
depends on A5's output. Variations with supply, tempera-
ture and 11oscillator frequency have no effect. A2 and its
associated components extract the DC average by simple
filtering. The 100k potentiometer permits desired gain
scaling. Because this scheme depends on edge timing at
the flip·flop, the delay in resetting the 0.003/lF capacitor
causes a small offset error. This term is eliminated by
matching this delay in the 74C74"set" line with the previ·
ously mentioned 12-13delay network. This delay is set so
that the rising edge of the flip-flop output (trace B)
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corresponds to 16'srising edge. No such compensation is
required for falling edge data because circuit elements in
this path (17, 03, L1 and 02) are wideband. With drift
matched LT1034's and the specified resistors, overall drift
is typically 10ppm/oCwith 0.01% linearity.

Digital Output Thermocouple Isolator

Figure 17 shows another isolated thermocouple signal
conditioner. This circuit has 0.25% accuracy and features
a digital (pulse width) output. 11produces a clock pulse
(trace A, Figure 18). 12-15buffers this pulse and biases 01
to drive L1. Concurrently, the 680pF·10k values provide a
differentiated spike (trace B), setting the 74C74 flip·flop
(trace C). L1's primary drive is received at the secondary.

A~20V/DIV

B=20V/DIV

C=10V/OIV

D~20V/DIV

E=2V/DIV

F=10V/DIV
G~10V/DIV
H =20V/DIV

Figure 16. Pulse·Width·Modulation Based Thermocouple
Isolation Amplifier Waveforms

TOOl

Ll =PC-SSO-19 (UTCj

-+t-=lN4148 J'50PF

NPN=2N3904

~::=74C14
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A ~20V/DIV

B=20V/DIV

C=20V/DiV
D=D.05V/DIV

E=20V/DiV

F =20V/DIV

G =50V/DIV

H =20V/DIV

HORIZ~ 50l'S/DIV

Figure 18. Waveforms for Digital·Output Thermocouple Isolator

The 10llF capacitor charges to DC, supplying isolated pow·
er. The pulse received at L1's secondary also resets the
0.051lFcapacitor (trace D) via the inverters (16,17,18)and the
74C906 open drain buffer. When the received pulse ends,
the 0.051lF capacitor charges from the 02·03 current
source. When the resultant ramp crosses C1's threshold
(A1's thermocouple related output voltage) C1 switches
high, tripping the 19·111inverter chain. 111(trace E) drives
L1's secondary via the 0.011lF capacitor (trace F). The 33k-
100pF filter prevents regenerative "sing around". The reo
sultant negative-going spike at L1's primary biases 04,
causing its collector (trace G) to go low. 04 and 05 form a
clocked synchronous demodulator which can pull the
74C74 reset pin low only when the clock is low. This condi·
tion occurs during data transfer, but not during power

VH

~
e-
O>~e-
O>
0

VL

transfer. The demodulated output (trace H) contains a sin-
gle negative spike synchronous with C1's (e.g., 111's) out·
put transition. This spike resets the flip-flop, providing the
circuit output. The 74C74's width output thus varies with
thermocouple temperature.

Linearization Techniques

It is often desirable to linearize a thermocouple based
signal. Thermocouples' significant nonlinear response
requires design effort to get good accuracy. Four tech-
niques are useful. They include offset addition, break·
points, analog computation, and digital correction. Offset
addition schemes rely on biasing the nonlinear "bow"
with a constant term. This results in the output being high
at low scale and low at high scale with decreased errors
between these extremes (Figure 19). This compromise re-
duces overall error. Typically, this approach is limited to
slightly nonlinear behavior over wide ranges or larger non·
linearity over narrow ranges.

Figure 20 shows a circuit utiliZing offset linearization for a
type S thermocouple. The LT1025 provides cold junction
compensation and the LTC1052 chopper stabilized am·
plifier is used for low drift. The type S thermocouple out-
put slope varies greatly with temperature. At 25°C it is

R2
100n R3

FULL-SCALE 909k
TRIM 1%

Your
10mV/·C
800·C-1200·C



6p.V/oC,with an 11p.V/oCslope at 1000°C. This circuit gives
3°C accuracy over the indicated output range. The circuit,
similar to Figure 10, is not particularly unusual except for
the offset term derived from the LT1009 and applied
through R4. To calibrate, trim R5 for VOUF 1.669 at
VIN= O.OOOmV. Then, trim R2 for VOUT= 9.998V at
T = 10000C or for VIN (+ input) = 9.585mV.

Figure 21, an adaption of a configuration shown by Shein·
gold (reference 3), uses breakpoints to change circuit gain
as input varies. This method relies on scaling of the input
and feedback resistors associated with A2-A6 and A7's
reference output. Current summation at A8 is linear with
the thermocouple's temperature. A3-A6 are the break·
points, with the diodes providing switching when the reo
spective summing point requires positive bias. As shown,
typical accuracy of 1°C is possible over a OOC-650°C
sensed range.

Figure 22, also derived from Sheingold (reference 3), yields
similar performance but uses continuous function analog
computing to replace breakpoints, minimizing amplifiers
and resistors. The AD538 combines with a single break·
point and appropriate scaling to linearize response. The
causality of this circuit is similar to Figure 22; the curve fit
mechanism (breakpoint vs. continuous function) is the
primary difference.

Digital techniques for thermocouple linearization have be·
come quite popular. Figure 23, developed by Guy M. Hoover
and William C. Rempfer, uses a microprocessor fed from a
digitized thermocouple output to achieve linearization. The
great advantage of digital techniques is elimination of
trimming. In this scheme a large number of breakpoints are
implemented in software.

The 10·bit LTC1091A AID gives 0.5°C resolution over a OOC
to 500°C range. The LTC1052 amplifies and filters the
thermocouple signal, the LT1025A provides cold junction
compensation and the LT1019A provides an accurate refer·
ence. The J type thermocouple characteristic is linearized
digitally inside the processor. Linear interpolation between
known temperature points spaced 30°C apart introduces
less than 0.1°C error. The 1024 steps provided by the
LTC1091 (24 more than the required 1000) ensure 0.5°C
resolution even with the thermocouple curvature.
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Offset error is dominated by the LT1025 cold junction com·
pensator which introduces 0.5°C maximum. Gain error is
0.75°C max because of the 0.1% gain resistors and, to a
lesser extent, the output voltage tolerance of the LT1019A
and the gain error of the LTC1091A. It may be reduced by
trimming the LT1019A or gain resistors. The LTC1091A
keeps linearity better than O.WC. The LTC1052's 5p.Voff·
set contributes negligible error (0.1°C or less). Combined
errors are typically inside 0.5°C. These errors don't in·
clude the thermocouple itself. In practice, connection and
wire errors of 0.5°C to 1°C are not uncommon. With care,
these errors can be kept below 0.5°C.

The 20k-10k divider on CH1 of the LTC1091 provides low
supply voltage detection (the LT1019A reference requires
a minimum supply of 6.5V to maintain accuracy). Remote
location is possible with data transferred from the MCU to
the LTC1091 via the 3 wire serial port.

Figure 24 is a complete software listing' of the code reo
quired for the 68HC05 processor. Preparing the circuit in·
volves loading the software and applying power. No
trimming is required.

'Inclusion of a software based circuit was not without attendant con-
science searching and pain on the author's part. Hopefully, the Analog
Faithful will tolerate this transgression ... I'm sorry everybody, it just
works too well!
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ORG
FDB
ORG
FDB
ORG
FOB
ORG
FCB
ORG
OPT
STA
LDA
STA
LDA
STA
LDA
STA
JSR

MES92L NOP
JSR
LDA
STA
JSR

LINEAR LDX
DOAGAIN LDA

STA
DECX
LDA
STA
JSR
BPL
JSR
DECX
JMP

SEGMENT LDA
STA
INCX
LDA
STA
JSR
LDA
STA
DECX
LDA
STA
JSR

CHECK LOA
STA
JSR
LDA
STA
LDA
STA
JSR
BPL

TYPE J THERMOCOUPLE LINEARIZATION PROGRAM
WRlnEN BY GUY HOOVER LINEAR TECHNOLOGY CORPORATION
REV 1 10/4/87
N IS NUMBER OF SEGMENTS THAT THERMOCOUPLE RESPONSE IS DIVIDED INTO
TEMPERATURE(OC)= M'X + B
M IS SLOPE OF THERMOCOUPLE RESPONSE FOR A GIVEN SEGMENT
X IS AID OUTPUT - SEGMENT END POINT
B IS SEGMENT START POINT IN DEGREES (OC' 2)

$1000
$00,$39,$74,$BO,$EE,$12B,$193,$262,$330,$397 TABLE FOR X
$1020
$85DD,$823A,$7FB4,$7DD4,$7CAF,$7BC3,$7B8A,$7C24,$7C1 F,$7B3A TABLE FOR M
$1040
$00,$3C,$78,$B4,$FO,$12C,$190,$258,$320,$384 TABLE FOR B
$10FF
$13 N' 2
$0100
I
$OA LOAD CONFIGURATION DATAINTO $OA
#$00 CONFIGURATION DATAFOR PORT A DDR
$04 LOAD CONFIGURATION DATAINTO PORT A
#$FF CONFIGURATION DATAFOR PORT B DDR
$05 LOAD CONFIGURATION DATAINTO PORT B
#$F7 CONFIGURATION DATAFOR PORT C DDR
$06 LOAD CONFIGURATION DATAINTO PORT C
HOUSEKP INITIALIZE ASSORTED REGISTERS

CHECK
#$6F
$50
READ91
$10FF
$1000,X
$55

DINWORD FOR LTC1091 CHO,W/RESPECTTOGND, MSB FIRST
STORE IN DINBUFFER
READ LTC1091
LOAD SEGMENT COUNTER INTO X
LOAD LSBs OF SEGM ENT N
STORE LSBs IN $55
DECREMENT X

$1000,X LOAD MSBs OF SEGMENT N
$54 STORE MSBs IN $54
SUBTRCT
SEGMENT
ADDB

DECREMENT X
DOAGAIN
$1020,X LOAD MSBs OF SLOPE
$54 STORE MSBs IN $54

INCREMENT X
LOAD LSBs OF SLOPE
STORE LSBs IN $55
RETURNS RESULTIN $61 AND $62
LOAD LSBs OF BASE TEM P
STORE LSBs IN $55
DECREMENTX
LOAD MSBs OF BASE TEMP

$1020,X
$55
TBMULT
$1040,X
$55

$1040,X
$54
ADDB
#$7F DINWORD FOR CH1
$50 LOAD DINWORD INTO $50
READ91 READ BAnERY VOLTAGE
#$02 LOAD MSB OF MIN BAn VOLTAGE
$54 PUT IN MSB OF SUBTRACT BUFFER
#$CC LOAD LSB OF MIN BAn VOLTAGE
$55 PUT IN LSB OF SUBTRACT BUFFER
SUBTRCT COMPARE BAn VOLTAGEWITH MINIMUM
NOPROB IF BAn OK GOTO NOPROB

Figure 24. Code lor Processor Based linearization
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JSR ADDB
LDA #$01
STA $56 SET BATTERY LOW FLAG
RTS

NOPROB JSR ADDB
CLR $56 CLEAR LOW BATTERY FLAG
RTS

READ91 LDA #$50 CONFIGURATION DATA FOR SPCR
STA $OA LOAD CONFIGURATION DATA
LDA $50
BCLR 2,$02 BIT 0 PORT C GOES LOW (Cs GOES LOW)
STA $OC LOAD DININTO SP1 DATA REG. START TRANSFER.

BACK91 TST $OB TEST STATUS OF SPIF
BPL BACK91 LOOP TO PREVIOUS INSTRUCTION IF NOT DONE
LDA $OC LOAD CONTENTS OF SPI DATA REG. INTO ACC
STA $OC START NEXT CYCLE
AND #$03 CLEAR 6 MSBs OF FIRST Dour
STA $61 STORE MSBs IN $61

BACK92 TST $OB TEST STATUS OF SPIF
BPL BACK92 LOOPTO PREVIOUS INSTRUCTION IF NOT DONE
BSET 2,$02 SET BIT 0 PORT C (Cs GOES HIGH)
LDA $OC LOAD CONTENTS OF SPI DATA INTO ACC
STA $62 STORE LSBs IN $62
RTS

SUBTRCT LDA $62 LOAD LSBs
SUB $55 SUBTRACT LSBs
STA $62 STORE REMAINDER
LDA $61 LOAD MSBs
SBC $54 SUBTRACT WfCARRY MSBs
STA $61 STORE REMAINDER
RTS

ADDB LDA $62 LOAD LSBs
ADD $55 ADD LSBs
STA $62 STORE SUM
LDA $61 LOAD MSBs
ADC $54 ADD WfCARRY MSBs
STA $61 STORE SUM
RTS

TBMULT CLR $68
CLR $69
CLR $6A
CLR $6B
STX $58 STORE CONTENTS OF X IN $58
LSL $62 MULTIPLY LSBs BY 2
ROL $61 MULTIPLY MSBs BY 2
LDA $62 LOAD LSBs OF LTC1091 INTO ACC
LDX $55 LOAD LSBs OF M INTO X
MUL MULTIPLY LSBs
STA $6B STORE LSBs IN $6B
STX $6A STORE IN $6A
LDA $62 LOAD LSBs OF LTC1091 INTO ACC
LDX $54 LOAD MSBs OF MINTO X
MUL
ADD $6A ADD NEXT BYTE
STA $6A STORE BYTE
TXA TRANSFER X TO ACC
ADC $69 ADD NEXT BYTE
STA $69 STORE BYTE
LDA $61 LOAD MSBsOF LTC10911NTOACC
LDX $55 LOAD LSBs OF M INTO X



Application Note 28

MUL
ADD $6A ADD NEXT BYTE
STA $6A STORE BYTE
TXA TRANSFER X TO ACC
ADC $69 ADD NEXT BYTE
STA $69 STORE BYTE
LDA $61 LOAD MSBs OF LTC1 091 INTO ACC
LDX $54 LOAD MSBs OF M INTO X
MUL
ADD $69 ADD NEXT BYTE
STA $69 STORE BYTE
TXA TRANSFER X TO ACC
ADC $68 ADD NEXT BYTE
STA $68 STORE BYTE
LDA $6A LOAD CONTENTS OF $6A INTO ACC
BPL NNN
LDA $69 LOAD CONTENTS OF $69 INTO ACC
ADD #$01 ADD 1 TOACC
STA $69 STORE IN $69
LDA $68 LOAD CONTENTS OF $68 INTO ACC
ADC #$00 FLOW THROUGH CARRY
STA $68 STORE IN $68

NNN LDA $68 LOAD CONTENTS OF $68 INTO ACC
STA $61 STORE MSBs IN $61
LDA $69 LOAD CONTENTS OF $69 INTO ACC
STA $62 STORE IN $62
LDX $58 RESTORE X REGISTER
RTS RETURN

HOUSEKP BSET 0,$02 SETBO PORTC
BSET 2,$02 SET B2 PORTC
RTS

APPENDIX A
Error Sources in Thermocouple Systems

Obtaining good accuracy in thermocouple systems man·
dates care. The small thermocouple signal voltages reo
quire careful consideration to avoid error terms when
signal processing. In general, thermocouple system accu-
racy better than O.5°C is difficult to achieve. Major error
sources include connection wires, cold junction un-
certainties, amplifier error and sensor placement.

Connecting wires between the thermocouple and condi·
tioning circuitry introduce undesired junctions. These
junctions form unintended thermocouples. The number of
junctions and their effects should be minimized, and kept
isothermal. A variety of connecting wires and accessories
are available from manufacturers and their literature
should be consulted (reference 4).

Thermocouple voltages are generated whenever dissimilar
materials are joined. This includes the leads of IC pack·
ages, which may be kovar in TO-5 cans, alloy 42 or copper
in dual·in·line packages, and a variety of other materials in
plating finishes and solders. The net effect of these ther-
mocouples is "zero" if all are at exactly the same tempera·
ture, but temperature gradients exist within IC packages
and across PC boards whenever power is dissipated. For
this reason, extreme care must be used to ensure that no
temperature gradients exist in the vicinity of the thermo·
couple terminations, the cold junction compensator (e.g.,
LT1025) or the thermocouple amplifier. If a gradient can·
not be eliminated, leads should be positioned isother·
mally, especially the LT1025 R- and appropriate output
pins, the amplifier input pins, and the gain setting resistor



leads. An effect to watch for is amplifier offset voltage
warm·up drift caused by mismatched thermocouple ma-
terials in the wire·bond/lead system of the Ie package.
This effect can be as high as tens of microvolts in TO·5
cans with kovar leads. It has nothing to do with the actual
offset drift specification of the amplifier and can occur in
amplifiers with measured "zero" drift. Warm·up drift is
directly proportional to amplifier power dissipation. It can
be minimized by avoiding TO·5cans, using low supply cur·
rent amplifiers, and by using the lowest possible supply
voltages. Finally, it can be accommodated by calibrating
and specifying the system after a five minute warm·up
period.

A significant error source is the cold junction. The error
takes two forms. The subtractive voltage produced by the
cold junction must be correct. In a true cold junction (e.g.,
ice point reference) this voltage will vary with inability to
maintain the desired temperature, introducing error. In a
cold junction compensator like the LT1025,error occurs
with inability to sense and track ambient temperature.
Minimizing sensing error is the manufacturer's responsi·
bility (we do our best!), but tracking requires user care. Ev-
ery effort should be made to keep the LT1025isothermal
with the cold junction. Thermal shrouds, high thermal
capacity blocks and other methods are commonly em-
ployed to ensure that the cold junction and the compensa·
tor are at the same temperature.
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Amplifier offset uncertainties and, to a lesser degree, bias
currents and open loop gain should be considered. Am·
plifier selection criteria is discussed in the text under
"Amplifier Selection."

A final source of error is thermocouple placement. Re·
member that the thermocouple measures its own tempera·
ture. In flowing or fluid systems, remarkably large errors
can be generated due to effects of laminar flow or eddy
currents around the thermocouple. Even a "simple" sur·
face measurement can be wildly inaccurate due to thermal
conductivity problems. Silicone thermal grease can re-
duce this, but attention to sensor mounting is usually re-
quired. As much of the sensor surface as possible should
be mated to the measured surface. Ideally, the sensor
should be tightly mounted in a drilled recess in the
surface. Keep in mind that the thermocouple leads act as
heat pipes, providing a direct thermal path to the sensor.
With high thermal capacity surfaces this may not be a
problem, but other situations may require some thought.
Often, thermally mating the lead wire to the surface or
coiling the wire in the environment of interest will
minimize heat piping effects.

As a general rule, skepticism is warranted, even in the
most "obviously simple" situations. Experiment with sev·
eral sensor positions and mounting options. If measured
results agree, you're probably on the right track. If not, reo
think and try again.

Information furnished by Linear Technology Corporation is believed to be accurate and reliable. How-
ever, no responsibility is assumed for its use. Linear Technology Corporation makes no representation
that the interconnection of its circuits as described herein will not infringe on existing patent rights.
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Some Thoughts on DC-DC Converters

Jim Williams
Brian Huffman

Many systems require that the primary source of DC
power be converted to other voltages. Battery driven cir·
cuitry is an obvious candidate. The 6V or 12Vcell in a lap·
top computer must be converted to different potentials
needed for memory, disc drives, display and operating
logic. In theory, AC line powered systems should not need
DC·DC converters because the implied power transformer
can be equipped with multiple secondaries. In practice,
economics, noise requirements, supply bus distribution
problems and other constraints often make.DC·DCconver·
sion preferable. A common example is logic dominated,
5V powered systems utilizing ± 15V drIven analog
components.

The range of applications for DC·DCconverters is large,
with many variations. Interest in converters is commensu·
rately quite high. Increased use of single supply powered
systems, stiffening performance requirements and battery
operation have increased converter usage.

Historically, efficiency and size have received heavy em·
phasis. In fact, these parameters can be significant, but
often are of secondary importance. A possible reason be·
hind the continued and overwhelming attention to size
and efficiency in converters proves surprising. Simply put,
these parameters are (within limits) relatively easy to
achieve! Size and efficiency advantages have their place,
but other system·oriented problems also need treatment.
Low quiescent current, wide ranges of allowable inputs,
substantial reductions in wideband output noise and cost
effectiveness are important issues. One very important

converter class, the 5V to ± 15V type, stresses size and
efficiency with little emphasis towards parameters such
as output noise. This is particularly significant because
wideband output noise is a frequently encountered prob·
lem with this type of converter. In the best case, the output
noise mandates careful board layout and grounding
schemes. In the worst case, the noise precludes analog
circuitry from achieving desired performance levels (for
further discussion see Appendix A , "The 5V to ± 15V
Converter - A Special Case"). The 5V to ± 15V DC·DC
conversion requirement is ubiquitous, and presents a
good starting point for a study of DC·DCconverters.

Low Noise 5V to ± 15V Converter

Figure 1's design supplies a ± 15Voutput from a 5V input.
Wideband output noise measures 200 microvolts peak·to·
peak, a 100x reduction over typical designs. Efficiency at
250mA output is 60%, about 5-10% lower than conven·
tional types. The circuit achieves its low noise per·
formance by minimizing high speed harmonic content in
the power switching stage. This forces the efficiency
trade·off noted, but the penalty is small compared to the
benefit.

The 74C14based 30kHz oscillator is divided into a 15kHz
two phase clock by the 74C74 flip flop. The 74C02 gates
and 10K-0.001~F delays condition this two phase clock
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into non·overlapping, two phase drive at the emitters of 01
and 02 (Figure 2, traces A and B, respectively). These tran·
sistors provide level shifting to drive emitter followers
03-04. The 03-04 emitters see 100n-O.003I'F filters,
slowing drive to output MOSFET's 05-06. The filter's ef·
fects appear at the gates of 05 and 06 (traces C and D, reo
spectively). 05 and 06 are source followers, instead of the
conventional common source connection. This limits
transformer rise time to the gate terminals filtered slew
rate, resulting in well controlled waveforms at the sources

of 05 and 06 (traces E and F, respectively). L1 sees com·
plimentary, slew limited drive, eliminating the high speed
harmonics normally associated with this type converter.
L1's output is rectified, filtered and regulated to obtain the
final output. The 470n-O.001I'F damper in L1's output
maintains loading during switching, aiding low noise per·
formance. The ferrite beads in the gate leads eliminate
parasitic RF oscillations associated with follower
configurations.

The source follower configuration eases controlling L1's
edge risetimes, but complicates gate biasing. Special
provisions are required to get the MOSFET's fully turned
on and off. Source follower connected 05 and 06 require
voltage overdrive at the gates to saturate. The 5V primary
supply cannot provide the specified 10V gate - channel
bias required for saturation. Similarly, the gates must be
pulled well below ground to turn the MOSFETs off. This is
so because L1's behavior pulls the sources negative when
the devices turn off. Turn·off bias is bootstrapped from the
negative side of 06's source waveform. D1 and the 221'F
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capacitor produce a - 4V potential for 03 and 04 to pull
down to. Turn·on bias is generated by a two stage boost
loop. The 5V supply is fed via D3 to the LT1054switched
capacitor voltage converter (switched capacitor voltage
converters are discussed in Appendix B, "Switched
Capacitor Voltage Converters - How They Work"). The
LT1054configuration, set up as a voltage doubler, initially
provides about 9V boost to point "A" at turn-on. When the
converter starts running L1 produces output ("Turbo
Boost" on schematic) at windings 4-6 which is rectified by
D2, raising the LT1054's input voltage. This further raises
point "A" to the 17Vpotential noted on the schematic.

These internally generated voltages allow 05 and 06 to re-
ceive proper drive, minimizing losses despite their source
follower connection. Figure 3, an AC coupled trace of the
15V converter output, shows 200/LVp-pnoise at full power
(250mA output). The -15V output shows nearly identical
characteristics. Switching artifacts are comparable in am·
plitude to the linear regulators noise. Further reduction in
switching based noise is possible by slowing 05 and 06
risetimes. This, however, necessitates reducing clock rate
and increasing non·overlap time to maintain available out·
put power and efficiency. The arrangement shown repre·
sents a favorable compromise between output noise,
available output power,and efficiency.

HORIZ=5"s/DIV

Figure 3. Output Noise of the Low Noise 5V to ± 15VConverter

Ultra·Low Noise 5V to ± 15V Converter

Residual switching components and regulator noise set
Figure 1's performance limits. Analog circuitry operating
at the very highest levels of resolution and sensitivity may
require the lowest possible converter noise. Figure 4's
converter uses sine wave transformer drive to reduce har·
monics to negligible levels. The sine wave transformer
drive combines with special output regulators to produce

less than 30/LVof output noise. This is almost 7 x lower
than the previous circuit and approaches a 1000x im·
provement over conventional designs. The trade off is effi·
ciency and complexity.

A1 is set up as a 16kHz Wein bridge oscillator. The single
power supply requires biasing to prevent A1's output from
saturating at the ground rail. This bias is established by reo
turning the undriven end of the Wein network to a DC po-
tential derived from the LT1009reference. A1's output is a
pure sine wave (Figure 5, trace A) biased off ground. A1's
gain must be controlled to maintain sine wave output. A2
does this by comparing A1's rectified and filtered positive
output peaks with an LT1009derived DC reference. A2's
output, biasing 01, servo controls A1's gain. The 0.22/LF
capacitor frequency compensates the loop, and the ther-
mally mated diodes minimize errors due to rectifier tem·
perature drift. These provisions fix A1's AC and DC output
terms against supply and temperature changes.

A1's output is AC coupled to A3. The 2k - 8200 divider
, re·biases the sine wave, centering it inside A3's input com-
mon mode range even with supply shifts. A3 drives a
power stage, 02-05. The stages common emitter outputs
and biasing permit 1VRMS(3Vp-p)transformer drive, even
at V supply = 4.5V. At full converter output loading the
stage delivers 3 ampere peaks but the waveform is clean
(trace B),with low distortion (trace C).The 330/LFcoupling
capacitor strips DC and L3 sees pure AC. Feedback to A3
is taken at the 04-05 collectors. The 0.1/LFunit at this
point suppresses local oscillations. L3's secondary RC
network adds additional high frequency damping.

Without control of quiescent current the power stage will
encounter thermal runaway and destroy itself. A4
measures DC output current across 05's emitter resistor
and servo controls 06 to fix quiescent current. A divided
portion of the LT1009 reference sets the servo point at
A4's negative input and the 0.33/LFfeedback capacitor sta-
bilizes the loop.

L3's rectified and filtered outputs are applied to regulators
designed for low noise. A5 and A7 amplify the LT1021's fil·
tered 10V output up to 15V.A6 and A8 provide the -15V
output. The LT1021 and amplifiers give better noise per-
formance than three terminal regulators. The zener·resis·
tor network clips overvoltages due to start-up transients.
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Figure 5. Waveforms for the Sine Wave Driven Converter.
Note that Output Noise (Trace D) is Only 301'Vp·p.

L1 and L2 combine with their respective output capacitors
to aid low noise characteristics. These inductors are out·
side the feedback loop, but their low copper resistance
does not significantly degrade regulation. Trace D,the 15V
output at full load, shows less than 30,N (2ppm)of noise.
The most significant trade-off in this design is efficiency.
The sine wave transformer drive forces substantial power
loss. At full output (75mA),efficiency is only 30%.

Before use, the circuit should be trimmed for lowest dis·
tortion (typically 1%) in the sine wave delivered to L3.This
trim is made by selecting the indicated value at A1's nega·
tive input. The 2700value shown is nominal, with a typical
variance of ± 25%. The sine wave's 16kHz frequency is a
compromise between the op amps available gain·band·
width, magnetics size, audible noise, and minimization of
wideband harmonics.

Single Inductor 5V to ± 15V Converter

Simplicity and economy are another dimension in 5V to
± 15V conversion. The transformer in these converters is
usually the most expensive component. Figure 6's unu·
sual drive scheme allows a single, two terminal inductor to
replace the usual transformer at significant cost savings.
Trade·offs include loss of galvanic isolation between input
and output and lower power output. Additionally, the regu-
lation technique employed causes about 50mV of clock
related output ripple.

The circuit functions by periodically and alternately al·
lowing each end of the inductor to f1yback.The resultant
positive and negative peaks are rectified and filtered.
Regulation is obtained by controlling the number of fly-
back events during the respective output's f1yback
interval.

The leftmost logic inverter produces a 20kHz clock
(trace A, Figure 7) which feeds a logic network composed
of additional inverters, diodes and the 74C90 decade
counter. The counter output (trace B) combines with the
logic network to present alternately phased clock bursts
(traces C and D)to the base resistors of 01 and 02. When
~1 (trace B) is unclocked it resides in its high state, bias-
ing 02 and 04 on. 04's collector effectively grounds the
"bottom" of L1 (trace H). During this interval ~2 (trace A)
puts clock bursts into 01 's base resistor. If the -15V out·
put is too low servo comparator C1A's output (trace E) is
high, and 01's base can receive pulsed bias. If the con·
verse is true the comparator will be low, and the bias gated
away via 01's base diode. When 01 is able to bias, 03
switches, resulting in negative going f1ybackevents at the
"top" of L1 (trace G). These events are rectified and fil-
tered to produce the -15V output. C1A regulates by con-
trolling the number of clock pulses that switch the 01-03
pair. The LT1004 serves as a reference. Trace J, the AC
coupled -15V output, shows the effect of C1A's regulat·
ing action. The output stays within a small error window
set by C1A's switched control loop. As input voltage and
loading conditions change C1A adjusts the number of
clock pulses allowed to bias 01-03, maintaining loop
control.

When the ~1 and ~2 signals reversestate the operating se·
quence reverses. 03's collector (trace G) is pulled high
with 02-04 switching controlled by C1B's servo action.
Operating waveforms are similar to the previous case.
Trace F is C1B's output, trace H is 04's collector (L1's
"bottom") and trace I is the AC coupled 15V output. Al-
though the two regulating loops share the same inductor
they operate independently, and asymmetrical output
loading is not deleterious. The inductor sees irregularly
spaced shots of current (trace K), but is unaffected by its
multiplexed operation. Clamp diodes prevent reverse bias-
ing of 03 and 04 during transient conditions. The circuit
provides ± 25mAof regulated power at 60% efficiency.

Low Quiescent Current 5V 10 ± 15V Converter

A final area in 5V to ± 15Vconverter design is reduction of
quiescent current. Typical units pu1l100-150mA of Quies·
cent current, unacceptable in many low power systems.
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Figure 6. Single Inductor 5V to ± 15V Regulated Converter
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Figure 7. Waveforms for the Single Inductor, Dual·Output,
Regulated Converter

Figure 8's design supplies ± 15V outputs at 100mA while
consuming only 10mA quiescent current. The LT1070
switching regulator (for a complete description of this de·
vice, see Appendix C, "Physiology of the LT1070")drives
L1 in flyback mode. A damper network clamps excessive
flyback voltages. Flyback events at L1's secondary are
half·wave rectified and filtered, producing positive and
negative outputs across the 471lFcapacitors, The positive
16Voutput is regulated by a simple loop. Comparator C1A
balances a sample of the positive output with a 2.5V refer,
ence obtained from the LT1020. When the 16V output
(trace A, Figure 9) is too low, C1A switches (trace B) high,
turning off the 4N46 opto-isolator. Q1 goes off, and the
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Figure 9. Waveforms forthe Low 10 5Vto ± 15V Converter

LT1070's control pin (Ve) pulls high (trace C). This
causes full duty cycle 40kHz switching at the Vsw pin
(trace 0). The resultant energy into L1 forces the 16Vout-
put to ramp quickly positive, turning off C1A's output. The
20M value combined with the 4N46's slow response (note
the delay between C1A going high and the Ve pin rise)
gives about 40mV of hysteresis. The LT1070'son-off duty
cycle is load dependent, saving significant power when
the converter is lightly loaded. This characteristic is
largely responsible for the 10mA quiescent current. The
opto-isolator preserves the converters input-output isola-
tion. The LT1020,a low quiescent current regulator with
low drop-out, further regulates the 16V line, giving the 15V

output. The linear regulation eliminates the 40mV ripple
and improves transient response. The -16V output tends
to follow the regulated -16V line, but regulation is poor.
The LT1020's auxiliary on-board comparator is compen-
sated to function as an op amp by the RCdamper at pin 5.
This amplifier linearly regulates the -16V line. MOSFET
02 provides low drop-out current boost, sourcing the
-15V output. The -15V output is stabilized with the op
amp by comparing it with the 2.5V reference via the 500K
- 3M current summing resistors. 1000pF capacitors fre-
quency compensate each regulating loop. This converter
functions well, providing ± 15V outputs at 100mA with
only 10mAquiescent current. Figure 10plots efficiency vs.
a conventional design over a range of loads. For high
loads results are comparable, but the low quiescent cir-
cuit is superior at lower current.

A possible problem with this circuit is related to the poor
regulation of the -16V line. If the positive output is lightly
loaded L1's magnetic flux is low. Heavy negative output
loading under this condition results in the -16V line falling
below its output regulators drop-out value. Specifically, with
no load on the 15Voutput only 20mA is available from the
-15V output. The full 100mA is only available from the
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-15Voutput when the 15Voutput is supplying more than
8mA. This restriction is often acceptable, but some situa·
tions may not tolerate it. The optional connection in
Figure 8 (shown in dashed lines) corrects the difficulty. C1B
detects the onset of -16V line decay.When this occurs its
output pulls low, loading the 16Vline to correct the problem.
The biasing values given permit correction before the nega·
tive linear regulator drops out.

Many battery powered applications require very wide
ranges of power supply output current. Normal conditions
require currents in the ampere range, while standby or
"sleep" modes draw only microamperes. A typical lap top
computer may draw 1 to 2 amperes running while needing
only a few hundred microamps for memory when turned
off. In theory, any DC·DCconverter designed for loop sta·
bility under no·load conditions will work. In practice, a
converter's relatively large quiescent current may cause
unacceptable battery drain during low output current
intervals.

Figure 11shows a typical flyback based converter. In this
case the 6V battery is converted to a 12Voutput by the in·
ductive flyback voltage produced each time the LT1070's
Vsw pin is internally switched to ground (for commentary
on inductor selection in flyback converters see Appendix
D, "Inductor Selection for Flyback Converters"). An in-
ternal 40kHz clock produces a flyback event every 25Jls.
The energy in this event is controlled by the IC's internal
error amplifier, which acts to force the feedback (FB) pin to
a 1.23V reference. The error amplifiers high impedance

output (the Vc pin) uses an RC damper for stable loop
compensation.

This circuit works well but pulls 9mA of quiescent current.
If battery capacity is limited by size or weight this may be
too high. How can this figure be reduced while retaining
high current performance?

A solution is suggested by considering an auxiliary Vc pin
function. If the Vc pin is pulled within 150mVof ground the
IC shuts down, pulling only 50 microamperes. Figure 12's
special loop exploits this feature, reducing quiescent cur·
rent to only 150 microamperes. The technique shown is
particularly significant, with broad implication in battery
powered systems. It is easily applied to a wide variety of
DC·DCconverters, meeting an acknowledged need across
a wide spectrum of applications.

Figure 12's signal flow is similar to Figure 11, but addi-
tional circuitry appears between the feedback divider and
the Vc pin. The LT1070's internal feedback amplifier and
reference are not used. Figure 13 shows operating wave·
forms under no load conditions. The 12V output (trace A)
ramps down over a period of seconds. During this time
comparator A1's output (trace B) is low, as are the 74C04
paralleled inverters. This pulls the Vc pin (trace C) low,
putting the IC in its 50JlAshutdown mode. The Vsw pin
(trace D) is high, and no inductor current flows. When the
12V output drops about 20mV,A1 triggers and the invert-
ers go high, pulling the Vc pin up and turning on the
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regulator. The Vsw pin pulses the inductor at the 40kHz
clock rate, causing the output to abruptly rise. This action
trips A1 low, forcing the Vc pin back into shutdown. This
"bang·bang" control loop keeps the 12V output within the
20mV ramp hysteresis window set by R3-R4. Diode
clamps prevent Vc pin overdrive. Note that the loop os-
cillation period of 4-5 seconds means the R6·C2 time con-
stant at Vc is not a significant term. Because the LT1070
spends almost all of the time in shutdown, very little
quiescent current (150IlA) is drawn.

A =O.02V/OIV
(AC COUPLEO)

B=5V/DIV

Figure 13. Low 10 Converter Waveforms with No Load (Traces B
and 0 Retouched for Clarity)
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Figure 14 shows the same waveforms with the load in-
creased to 3mA. Loop oscillation frequency increases to
keep up with the loads sink current demand. Now, the Vc
pin waveform (trace C) begins to take on a filtered appear-
ance. This is due to R6-C2's 10ms time constant. If the
load continues to increase, loop oscillation frequency will
also increase. The R6-C2time constant, however, is fixed.
Beyond some frequency, R6-C2must average loop oscilla-
tions to DC. Figure 15 shows the same circuit points at 1
ampere loading. Note that the Vc pin is at DC, and repeti-
tion rate has increased to the LT1070's 40kHz clock fre-
quency. Figure 16 plots what is occurring, with a pleasant
surprise. As output current rises, loop oscillation fre-
quency also rises until about 500Hz. At this point the R6-
C2 time constant filters the Vc pin to DC and the LT1070
transitions into "normal" operation. With the Vc pin at DC
it is convenient to think of A1 and the inverters as a linear
error amplifier with a closed loop gain set by the R1-R2
feedback divider. In fact, A1 is still duty cycle modulating,
but at a rate far above R6-C2'sbreak frequency. The phase
error contributed by C1 (which was selected for low loop
frequency at low output currents) is dominated by the R6-
C2 roll off and the R7-C3lead into A1. The loop is stable
and responds linearly for all loads beyond BOmA.In this
high current region the LT1070is desirably "fooled" into
behaving like Figure 11's circuit.

A formal stability analysis for this circuit is quite complex,
but some simplifications lend insight into loop operation.
At 100ilA loading (120kfl) C1 and the load form a decay
time constant exceeding 300 seconds. This is orders of
magnitude larger than R7·C3,R6-C2,or the LT1070's40kHz
commutation rate. As a result, C1 dominates the loop.
Wideband A1 sees phase shifted feedback, and very low
frequency oscillations similar to Figure 13's occur1. Al-
though C1's decay time constant is long, its charge time
constant is short because the circuit has low sourcing
impedance. This accounts for the ramp nature of the
oscillations.

Increased loading reduces the C1-load decay time con-
stant. Figure 16's plot reflects this. As loading increases,
the loop oscillates at a higher frequency due to C1's de-
creased decay time. When the load impedance becomes
low enough C1's decay time constant ceases to dominate
the loop. This point is almost entirely determined by R6

550

500

450

_ 400

g 350
1S
~ 300

~ 250

~ 200o
g 150

100

50

o
o 20 40 60 eo 100

OUTPUT {mAl

Figure 16. Figure 12'5 Loop Frequency V5 Output Current. Note
Linear Loop Operation Above BOmA.

and C2. Once R6and C2 "take over" as the dominant time
constant the loop begins to behave like a linear system. In
this region (e.g. above about 75mA, per Figure 16) the
LT1070runs continuously at its 40kHz rate. Now, the R7-C3
time constant becomes significant, performing as a sim-
ple feedback lead2 to smooth output response. There is a
fundamental trade-off in the selection of the R7·C3 lead
network values. When the converter is running in its linear
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Figure 17. Load Transient Response for Figure 12's Low 10
Regulator
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Figure 18. Efficiency vs Output Current for Figure 12.
Standby Efficiency is Poor, But Power Loss Approaches
Battery Self·Discharge.

region they must dominate the DC hysteresis deliberately
generated by R3-R4.As such, they have been chosen for
the best compromise between output ripple at high load
and loop transient response.

Despite the complex dynamics transient response is quite
good. Figure 17 shows performance for a step from no
load to 1 ampere. When trace A goes high a 1ampere load
appears across the output (trace B). Initially, the output
sags almost 150mV due to slow loop response time (the
R6-C2 pair delay Vc pin response). When the LT1070
comes on (signaled by the 40kHz "fuzz" at the bottom ex-
treme of trace B) response is reasonably quick and sur-
prisingly well behaved considering circuit dynamics. The

multi·time constant decay3 ("rattling" is perhaps more ap-
propriate) is visible as trace B approaches steady state be-
tween the 4th and 5th vertical divisions.

A2 functions as a simple low battery detector, pulling low
when VINdrops below 4.8V.

Figure 18 plots efficiency vs. output current. High power
efficiency is similar to standard converters. Low power
efficiency is somewhat better, although poor in the lowest
ranges. This is not particularly bothersome, as power loss
is very small.

This loop provides a controlled, conditional instability
instead of the more usually desirable (and often elusive)
unconditional stability. This deliberately introduced char-
acteristic lowers converter quiescent current by a factor of
60 without sacrificing high power performance. Although
demonstrated in a boost converter, it is readily exportable
to other configurations. Figure 19A's step down (buck
mode) configuration uses the same basic loop with almost
no component changes. P-channel MOSFET 01 is driven
from the LT1072(a low power version of the LT1070)to con·
vert 12Vto a 5Voutput. 02 and 03 prOVidecurrent limiting,
while 04 supplies turn off drive to 01. The lower output
voltage mandates slightly different hysteresis biasing
than Figure 12, accounting for the 1Mn value at the com-
parators positive input. In other respects the loop and its
performance are identical. Figure 19B uses the loop in a
transformer based multi-output converter. Note that the
floating secondaries allow a -12V output to be obtained
with a positive voltage regulator.

Low Quiescent Current Micropower 1.5V to 5V Converter

Figure 20 extends our study of low quiescent current con-
verters into the low voltage, micropower domain. In some
circumstances, due to space or reliability considerations,
it is preferable to operate circuitry from a single 1.5V cell.
This eliminates almost all IC's as design candidates. Al-
though it is possible to design circuitry which runs directly

1 Some layouts may require substantial trace area to Al's inputs. In such
cases the optional 10pF capacitor shown ensures clean transitions at
Al's output.

2 "Zero Compensation" for all you techno snobs out there.
3 Once again, "multi-pole settling" for those who adore jargon.
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from a single cell (see LTCApplication Note AN·15, "Cir·
cuitry For Single Cell Operation") a DC·DCconverter per·
mits using higher voltage IC's. Figure 20's design converts
a single 1.5Vcell to a 5V output with only 1251lAquiescent
current. Oscillator C1A's output is a 2kHz square wave
(trace D, Figure 21).The configuration is conventional, ex·
cept that the biasing accommodates the narrow common
mode range dictated by the 1.5V supply. To maintain low
power, C1A's integrating capacitor is small, with only
50mV of swing. The parallel connected sides of C2 drive
L1. When the 5V output (trace A) coasts down far enough

C1B goes low (trace B), pulling both C2 positive inputs
close to ground. C1A's clock now appears at the paral·
leled C2 outputs (trace C), forcing energy into L1. The
paralleled outputs minimize saturation losses. L1's fly-
back pulses, rectified and stored in the 471lFcapacitor,
form the circuits DC output. C1B on-off modulates C2 at
whatever duty cycle is required to maintain the circuits 5V
output. The LT1004 is the reference, with the resistor di-
vider at C1B's positive input setting the output voltage.
Schottky clamping of C2's outputs prevents negative go-
ing overdrives due to parasitic L1 behavior.
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The 1.2V LT1004reference biasing is bootstrapped to the
5V output, permitting circuit operation down to 1.1V. A
10M bleed to supply ensures start-up. The 1M resistors di-
vide down the 1.2Vreference, keeping C18 inside common
mode limits. C18's positive feedback RC pair sets about
100mV hysteresis and the 22pF unit suppresses high fre-
quencyoscillation.

The micropower comparators and very low duty cycles at
light load minimize quiescent current. The 1251lAfigure
noted is quite close to the LT1017's steady state currents.
As load increases the duty cycle rises to meet the

demand, requiring more battery power. Decrease in battery
voltage produces similar behavior. Figure 22 plots avail-
able output current vs. battery voltage. Predictably, the
highest power is available with a fresh cell (e.g. 1.5V-1.6V),
although regulation is maintained down to 1.15Vfor 250llA
loading. The plot shows that the test circuit continued to
regulate below this point, but this cannot be relied on in
practice (LT1017 VMIN= 1.15V). The low supply voltage
makes saturation and other losses in this circuit difficult
to control. As such, efficiency is about 50%.
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The optional connection in Figure 20 (shown in dashed
lines) takes advantage of the transformers floating sec-
ondary to furnish a - 5V output. Drivecircuitry is identical,
but C1B is rearranged as a current summing comparator.
The LT1004's bootstrapped positive bias is supplied by
L1's primary flyback spikes.

Although useful, the preceding circuit is limited to low
power operation. Some 1.5V powered systems (survival
2-way radias, remote, transducer fed data acquisition sys-
tems, etc.) require much more power. Figure 23's design
supplies a 5V output with 200mA capacity. Some sacrifice
in quiescent current is made in this circuit. This is pred-
icated on the assumption that it operates continuously at

22p+

high power. If lowest quiescent current is necessary the
technique detailed back in Figure 12 is applicable.

The circuit is essentially a flyback regulator, similar to
Figure 11.The LT1070's low saturation losses and ease of
use permit high power operation and design simplicity.
Unfortunately, this device has a 3V minimum supply
requirement. Bootstrapping its supply pin from the 5V out-
put is possible, but requires some form of start-up mecha-
nism. Dual comparator C1 and the transistors form a
start-up loop. When power is applied C1A oscillates
(trace A, Figure 24) at 5kHz. 01 biases, driving 02's base
hard. 02's collector (trace B) pumps L1, causing voltage
step·up flyback events. These events are rectified and
stored in the 500/LFcapacitor, producing the circuits DC
output. C1B is set up so it (trace C) goes low when circuit

L1
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output crosses about 4.5V.When this occurs C1A's inte-
gration capacitor is pulled low, stopping it from
oscillating. Under these conditions 02 can no longer drive
L1, but the LT1070can. This behavior is observable at the
LT1070's Vsw pin (the junction of L1, 02's collector and
the LT1070),trace D.When the start-up circuit goes off, the
LT1070VINpin has adequate supply voltage and it begins
operation. This occurs at the 4th vertical division of the
photograph. There is some overlap between start-up loop
turn-off and LT1070turn-on, but is has no detrimental ef-
fect. Once the circuit is running it functions similarly to
Figure 11.

The start-up loop must be carefully designed to function
over a wide range of loads and battery voltages. Start-up
currents exceed 1 ampere, necessitating attention to 02's
saturation and drive characteristics. The worst case is a
nearly depleted battery and heavy output loading.
Figure 25 shows circuit output starting into a 100mA load
at V battery = 1.2V.The sequence is clean, and the LT1070
takes over at the appropriate point. In Figure 26, loading is
increased to 200mA. Start-up slope decreases, but start-
ing still occurs. The abrupt slope increase (6th vertical

0= lV/olV
lAC COUPLED ON

5Voc LEVEL)

Figure 25. High Power 1.5V to 5V Converter Turn·On Into A 100mA
Load at V BATT = 1.2V

Figure 26. High Power 1.5V to 5V Converter Turn·On Into A 200mA
Load at V BATT = 1.2V
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division) is due to overlapping operation of the start-up
loop and the LT1070.

Figure 27 plots input-output characteristics for the circuit.
Note that the circuit will start into all loads with
V battery = 1.2V.Start-up is possible down to 1.0V at re-
duced loads. Once the circuit has started, the plot shows
it will drive full 200mA loads down to V battery = 1.0V.Re-
duced drive is possible down to V battery = 0.6V (a very
dead battery)! Figures 28 and 29, dynamic XV crossplot
versions of Figure 27, are taken at 20 and 200 milliam-
peres, respectively. Figure 30 graphs efficiency at two sup-
ply voltages over a range of output currents. Performance
is attractive, although at lower currents circuit quiescent
power degrades efficiency. Fixed junction saturation
losses are responsible for lower overall efficiency at the
lower supply voltage. Figure 31 shows quiescent current
increasing as supply decays. Longer inductor current
charge intervals are necessary to compensate the de-
creased supply voltage.
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Figure 28. Input·Output XV Characteristics of the 1.5V to 5V
Converter at 20mA Loading
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High Efficiency 12Vto 5V Converter

Efficiency is sometimes a prime concern in DC·DC con-
verter design (see Appendix E, "Optimizing Converters for
Efficiency"). In particular, small portable computers fre-
quently use a 12Vprimary supply which must be converted
down to 5V. A 12V battery is attractive because it offers
long life when all trade-offs and sources of loss are con-
sidered. Figure 32 achieves 90% efficiency. This circuit
can be recognized as a positive buck converter. Transistor
01 serves as the pass element. The catch diode is re-
placed with a synchronous rectifier, 02, for improved effi·
ciency. The input supply is nominally 12V but can vary
from 9.5Vto 14.5V.Power losses are minimized by utilizing
low source-to·drain resistance, 0.0280, NMOS transistors
for the catch diode and pass element. The inductor, Pulse
Engineering PE-92210K, is made from a low loss core
material which squeezes a little more efficiency out of the

Figure 29. Input·Output XV Characteristics of the 1.5V to 5V
Converter at 200mA Loading
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circuit. Also, keeping the current sense threshold voltage
low minimizes the power lost in the current limit circuit.

Figure 33 shows the operating waveforms. 05 drives the
synchronous rectifier, 02, when the Vsw pin (trace A) is
turned "off". 02 is turned off through D1 and D2when the
Vsw pin is "on". To turn on 01, the gate (trace B) must be
driven above the input voltage. This is accomplished by
bootstrapping the capacitor, C1, off the drain of 02
(trace C).C1 charges up through D1 when 02 is turned on.
When 02 is turned off, 03 is able to conduct, providing a
path for C1 to turn 01 on. During this time current flows
through 01 (trace D), through the inductor (trace E) and
into the load. Toturn'01 off, the Vsw pin must be "off." 05
is now able to turn on 04 and the gate of 01 is pulled low
through D3and the 500 resistor. This resistor is used to reo
duce the voltage noise generated by fast switching char-
acteristics of 01. When 02 is conducting (trace F), 01
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Figure 33. Waveforms for 90% Efficiency Buck Converter

must be off. The efficiency will be decreased if both tran·
sistors are conducting at the same time. The 220n resis-
tors and D2 are used to minimize the overlap of the switch
cycles. Figure 34 shows the efficiency vs. load plot for the
circuit as shown. The other plots are for non-synchro·
nously switched buck regulators (see indicated Figures).

Short circuit protection is provided by 06 through 09. A
200JLA current source is generated from an LT1004,06 and
the 9k resistor. This current flows through R1 and gener·
ates a threshold voltage of 124mV for the comparator, 07

and 08. When the voltage drop across the O.018nsense re-
sistor exceeds 124mV,08 is turned on. The LT1072's Vsw
pin goes off when the Vc pin is pulled below O.9V.This oc-
curs when 08 forces 09 to saturate. An RC damper sup·
presses line transients that might prematurely turn on 08.

~80
>-'-'z
w
<:5
~ 70

50
o 2 3

I lOAD (A)

Figure 34. Efficiency vs Load for Figure 32. The Synchronous
Switches Give Higher Efficiency than Simple FET or Bipolar
Transistors and Diodes.
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High Efficiency, Flux Sensed Isolated Converter

Figure 35's 75% efficiency is not as good as the previous
circuit, but it has a fully floating output. This circuit uses a
bifilar wound flux sensing secondary to provide isolated
voltage feedback, In operation the LT1070's Vsw pin
(trace A, Figure 36) pulses L1's primary, producing identi,
cal waveforms at the floating power and flux sensing sec-
ondaries (traces B and C). Feedback occurs from the flux
sense winding via the diode and capacitive filter, The 1k re-
sistor provides a bleed current, while the 3.4k-1.07k di·
vider sets output voltage. The diode partially compensates
the diode in the power output winding, resulting in an
overall temperature coefficient of about 100ppm/oC,The
oversize diode aids efficiency, although significant im-
provement (e.g, 5%-10%) is possible if synchronous recti·
fication is employed, as in Figure 32. The primary damper
network is unremarkable, although the 2k-0.1JLFnetwork
has been added to suppress excessive ringing at low out·
put current. This ringing is not deleterious to circuit

operation, and the network is optional. Below about 10%
loading non-ideal transformer behavfor introduces signif·
icant regulation error. Regulation stays within ± 100mV
from 10% to 100% of output rating, with excursion ex-
ceeding 900mV at no load. Figure 37's circuit trades away
isolation for tight regulation with no output loading reo
strictions. Efficiency is the same.
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Wide Range Input - 48V to 5V Converter

Often converters must accommodate a wide range of in-
puts. Telephone lines can vary over considerable toler-
ances. Figure 38's circuit uses an LT1072to supply a 5V
output from a telecom input. The raw telecom supply is
nominally - 48V but can vary from - 40V to - 60V. This
range of voltages is acceptable to the Vsw pin but protec-
tion is required for the VINpin (VMAX= 60V).01 and the 30V
zener diode serve this purpose, dropping VIN'Svoltage to
acceptable levels under all line conditions.

Here, the "top" of the inductor is at ground and the
LT1072'sground pin at - V.The feedback pin senses with
respect to the ground pin, so a level shift is required from
the 5V output. 02 serves this purpose, introducing only
- 2mV/oC drift. This is normally not objectionable in a
logic supply. It can be compensated with the optional ap-
propriately scaled diode-resistor shown in Figure 38.

Frequency compensation uses an RC damper at the Vc
pin. The 68V zener is a type designed to clamp and absorb
excessive line transients which might otherwise damage
the LT1072(Vswmaximum voltage is 75V).

Figure 39 shows operating waveforms at the Vsw pin.
TraceA is the voltage and trace B the current. Switching is
crisp, with well controlled waveforms. A higher current ver-
sion of this circuit appears in LTCApplication Note AN-25,
"Switching Regulators For Poets."

3.5V to 35VIN - 5VOUTConverter

Figure 40's approach has an even wider input range. In
this case it produces either a - 5V or 5V output (shown in
dashed lines). This circuit is an extension of Figure 11's
basic flyback topology. The coupled inductor allows the
option for buck, boost, or buck-boost converters. This cir-
cuit can operate down to 3.5V for battery applications
while accepting 35V inputs.

Figure 41 shows the operating waveforms for this circuit.
During the Vsw (trace A) "on" lime, current flows through
the primary winding (trace B). No current is transferred to
the secondary because the catch diode, D1, is reverse
biased. The energy is stored in the magnetic field. When
the switch is turned "off" D1 forward biases and the
energy is transferred to the secondary winding. Trace C is
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the voltage seen on the secondary and trace D is the cur·
rent flowing through it. This is not an ideal transformer so
not all of the primary windings energy is coupled into the
secondary. The energy left in the primary winding causes
the overvoltage spikes seen on the Vsw pin (trace E).This
phenomenon is modeled by a leakage inductance term
which is placed in series with the primary winding. When
the switch is turned "off" current continues to flow in the
inductor causing the snubber diode to conduct (trace F).
The snubber diode current falls to zero as the inductor
loses its energy. The snubber network clamps the voltage
spike. When the snubber diode current reaches zero, the
Vsw pin voltage settles to a potential related to the turns
ratio, output voltage and input voltage.1

The feedback pin senses with respect to ground, so 01
through 03 provides the level shift from the - 5V output.
01 introduces a - 2mvtDC drift to the circuit. This effect
can be compensated by a circuit similar to the one shown
in Figure 38. Line regulation is degraded due to 03's out·
put impedance. If this is a problem, an op amp must be
used to perform the level shift (seeAN·19, Figure 29).

Wide Range Input Positive Buck Converter

Figure 42 is another example of a positive buck converter.
This is a simpler version compared to the synchronous
switch buck, Figure 32. However, efficiency isn't as high
(see Figure 34). If the PMOS transistor is replaced with a
Darlington PNP transistor (shown in dashed lines) effi·
ciency decreases further.



Application Note 29

5Ton
lW @el

n= 1 L1

CD
MBR360

(MOTOROLA)

1kO
10/0 r - - - - - - - - - - - - - - - - -,

I I
I MBR360 I

I ~M
I M

Figure 41. Waveforms for Wide Range Input Positive - 5V Output
Flyback Converter

Figure 43A shows the operating waveforms for this circuit.
The pass transistor's (Q1) drive scheme is similar to the
one shown in Figure 32. During the Vsw (trace A) "on"
time, the gate of the pass transistor is pulled down
through D1.This forces Q1 to saturate. Trace B is the volt·
age seen on the drain of Q1 and trace C is the current
passing through Q1.The supply current flows through the
inductor (trace D) and into the load. During this time en·
ergy is being stored in the inductor. When voltage is ap·
plied to the inductor, current does not instantly rise. As

D=4A/DIV

E=20V/DIV

the magnetic field builds up, the current builds. This is
seen in the inductor current waveform (trace D).When the
Vsw pin is "off," Q2 is able to conduct and turns Q1 off.
Current can no longer flow through Q1, instead D2 is con·
ducting (trace E). During this period some of the energy
stored in the inductor will be transferred to the load. Cur·
rent will be generated from the inductor as long as there is
any energy in it. This can be seen in Figure 43A. This is
known as continuous mode operation. If the inductor is
completely discharged, no current will be generated (see
Figure 43B).When this happens neither switch, Q1 or D2,
is conducting. The inductor looks like a short and the volt-
age on the cathode of D2 will settle to the output voltage.
These "boingies" can be seen in trace B of Figure 43B.
This is known as discontinuous mode operation. Higher
input voltages can be handled with the gate-source zener
clamped by D2. The 400 milliwatt zener's current must be
rescaled by adjusting the son value. Maximum gate-
source voltage is 20V.The circuit will function up to 35VIN.
At inputs beyond 35V all semiconductor breakdown volt·
ages must be considerf'1.



Application Note 29

D2
MBR735
(MDTOROLA)

lO00.F

E2GNO Vc

lN4148

r---------,
2N6667 I

(HEATSINK) I

I
I
I
I
I
I
I
I
I
I

________ .J

lN4148

lOOll
lW

C=2A/OIV

O=2A/OIV

C=O.5A/OIV

O=O.5A/OIV

E=O.5A/OIV

Figure 43A. Waveforms for Wide Range Input Positive Buck
Converter (Continuous Mode)

Figure 43B. Waveforms for Wide Range Input Positive Buck
Converter (Discontinuous Mode)
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Buck Boost Converter

The buck boost topology is useful when the input voltage
can either be higher or lower than the output. In this exam-
ple, Figure 44, this is accomplished with a single inductor
instead of a transformer, as in Figure 40 (optional). How-
ever, the input voltage range only extends down to 15Vand
can reach to 35V. If the maximum 1.25A switch current rat-
ing of the LT10n is exceeded an LT1071or LT1070can be
used instead. At high power levels package thermal char-
acteristics should be considered.

The operation of the circuit is similar to the positive buck
converter, Figure 42. The gate drive to the pass transistor
is derived the same way except the gate-source voltage is
clamped. Remember, the gate-source maximum voltage
rating is specified at ± 20V. Figure 45 shows the operating
waveforms. When the Vsw pin is "on" (trace A), the pass
transistor, 01, is saturated. The gate voltage (trace B) is
clamped by the zener diode. Trace C is the voltage on the
drain of 01 and trace D is the current through it. This is
where the similarities between the two circuits end. No-
tice the inductor is pulled to within a diode drop, D2, above

0=2A/01V

E~2A/0IV
f~2A/01V

Figure 45. Waveforms for Positive Buck·Boost Converter

ground, instead of being tied to the output (see Figure 42).
In this case, the inductor has the input voltage applied
across it, except for a Vbe and saturation losses. D4 is re-
verse biased and blocks the output capacitor from dis-
charging into the Vsw pin. When the Vsw pin is "off" 01
and D2 cease to conduct. Since the current in the inductor
(trace E) continues to flow, D3 and D4 are forward biased
and the energy in the inductor is transferred into the load.
Trace F is the current through D3. Also, D2 keeps 01 from
staying on if the circuit is operating in buck mode. D1, on
the other hand, blocks current from flowing into the gate
drive circuit when operating in boost mode.
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Wide Range Switching Pre·Regulated Linear Regulator

In a sense, linear regulators can be considered extraor·
dinarily wide range DC·DC converters. They do not face
the dynamic problems switching regulators encounter un·
der varying ranges of input and output. Excess energy is
simply dissipated as heat. This elegantly simplistic energy
management mechanism pays dearly in terms of effi·
ciency and temperature rise. Figure 46 shows a way a lin·
ear regulator can more efficiently control high power
under widely varying input and output conditions.

The regulator is placed within a switched-mode loop that
servo·controls the voltage across the regulator. In this ar·
rangement the regulator functions normally while the
switched-mode control loop maintains the voltage across

it at a minimal value, regardless of line, load or output set-
ting changes. Although this approach is not quite as effi-
cient as a classical switching regulator, it offers lower
noise and the fast transient response of the linear regula-
tor. The LT1083functions in the conventional fashion, sup-
plying a regulated output at 7.5A capacity. The remaining
components form the switched-mode dissipation limiting
control. This loop forces the potential across the LT1083to
equal the 1.8Vvalue of VREF.The opto-isolator furnishes a
convenient way to single end the differentially sensed
voltage across the LT1083.When the input of the regulator
(trace A, Figure 47) decays far enough, the LT1011output
(trace B) switches low, turning on 01 (01 collector is
trace C).This allows current flow (trace D) from the circuit
input into the 10,OOOIlFcapacitor, raising the regulator's
input voltage.

When the regulator input rises far enough, the comparator
goes high, 01 cuts off and the capacitor ceases charging.
The MR1122damps the flyback spike of the current limit·
ing inductor. The O.001IlF·1M combination sets loop hys-
teresis at about 100mVp·p. This free·running oscillation
control mode substantially reduces dissipation in the
regulator, while preserving its performance. Despite
changes in the input voltage, different regulated outputs
or load shifts, the loop always ensures minimum dissipa-
tion in the regulator.
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Figure 48 plots efficiency at various operating points.
Junction losses and the loop enforced 1.8V across the
LT1083are relatively small at high output voltages, result·
ing in good efficiency. Low output voltages do not fare as
well, but compare very favorably to the theoretical data for
the LT1083with no pre·regulator. At the higher theoretical
dissipation levels the LT1083 will shut down, precluding
practical operation.

High Voltage Converter -1000VOUT, Non·lsolated

Photomultiplier tubes, ion generators, gas based detec·
tors, image intensifiers and other applications need high
voltages. Converters frequently supply these potentials.
Generally, the limitation on high voltage is transformer in·
sulation breakdown. A transformer is almost always used
because a simple inductor forces excessive voltages on
the semiconductor switch. Figure 49's circuit, reminiscent
of Figure 11's basic flyback configuration, is a 15V to
1000VOUTconverter. The LT1072 controls output by
modulating the flyback energy into L1, forcing its feed·
back (FB) pin to 1.23V(the internal reference value). In this
example loop compensation is heavily overdamped by the
Vc pin capacitor. L1's damper network limits flyback
spikes within the Vsw pin's 75V rating.

Fully Floating, 1000VOUTConverter

Figure 50 is similar to Figure 49 but features a fully
floating output. This provision allows the output to be ref·
erenced off system ground, often desirable for noise or
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biasing reasons. Basic loop action is as before, except
that the LT1072's internal error amplifier and reference are
replaced with galvanically isolated equivalents. Power for
these components is bootstrapped from the output via
source follower 01 and its 2.2M ballast resistor. A1 and
the LT1004, micropower components, minimize dissipa·
tion in 01 and its ballast. 01's gate bias, tapped from the
output divider string, produces about 15Vat its source. A1
compares the scaled divider output with the LT1004refer·
ence. The error signal, A1's output, drives the optocoupler.
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Figure 50. Isolated Output 15V to 1000V Converter

Photocurrent is kept low to save power. The optocoupler
output pulls down on the Vc pin, closing a loop. Frequency
compensation at the Vc pin and A1stabilizes the loop.

The transformers isolated secondary and optical feedback
produce a regulated, fully galvanically floating output.
Common mode voltages of 2000Vare acceptable.

20,OOOVCMV BUlakdown Converter

Figure 50's common mode breakdown limits are imposed
by transformer and optocoupler restrictions. Isolation am-
plifiers, transducer measurement at high common mode
voltages (e.g. winding temperature of a utility company
transformer and ESD sensitive applications) require high
breakdowns. Additionally, very precise floating measure-
ments, such as signal conditioning for high impedance
bridges, can require extremely low leakage to ground.

Achieving high common mode voltage capability with min-
imal leakage requires a different approach. Magnetics is
usually considered the only approach for isolated transfer

of appreciable amounts of electrical energy. Transformer
action is, however, achievable in the acoustic domain.
Some ceramic materials will transfer electrical energy
with galvanic isolation. Conventional magnetic transform-
ers work on an electrical-mag netic-electrical basis using
the magnetic domain for electrical isolation. The acoustic
transformer uses an acoustic path to get isolation. The
high voltage breakdown and low electrical conductance
associated with ceramics surpasses isolation characteris-
tics of magnetic approaches. Additionally, the acoustic
transformer is simple. A pair of leads bonded to each end
of the ceramic material forms the device. Insulation
resistance exceeds 10120, with primary-secondary capaci-
tances of 1-2pF. The material and its physical configura-
tion determine its resonant frequency. The device may be
considered as a high a resonator, similar to a quartz crys-
tal. As such, drive circuitry excites the device in the posi-
tive feedback path of a wideband gain element. Unlike a
crystal, drive circuitry is arranged to pass substantial cur·
rent through the ceramic, maximizing power into the
transformer.
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In Figure 51 the piezo-ceramic transformer is in the LT1011
comparators positive feedback loop. Q1 is an active pull·
up for the LT1011, an open collector device. The
2k-O.002/LFpath biases the negative input. Positive feed·
back occurs at the transformers resonance, and oscilla·
tion commences (trace A, Figure 52 is Q1's emitter).
Similar to quartz crystals, the transformer has significant
harmonic and overtone modes. The 100n-470pF damper
suppresses spurious oscillations and "mode hopping."

C2"¥

Drive current (trace B) approximates a sine wave, with
peaking at the transitions. The transformer looks like a
highly resonant filter to the resultant acoustic wave prop·
agated in it. The secondary voltage (trace C) is sinosodial.
Additionally, the transformer has voltage gain. The diode
and 10/LFcapacitor convert the secondary voltage to DC.
The LT1020 low quiescent current regulator gives a
stabilized 10V output. Output current for the circuit is a
few milliamperes. Higher currents are possible with atten-
tion to transformer design.
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Inductors are used in converters because they can store
energy. This stored magnetic energy, released and ex-
pressed in electrical terms, is the basis of converter opera-
tion. Inductors are not the only way to store energy with
efficient release expressed in electrical terms. Capacitors
store charge (already an electrical quantity) and as such,
can be used as the basis for DC·DC conversion. Figure 53
shows how simple a switched capacitor based converter
can be (the fundamentals of switched capacitor based
conversion are presented in Appendix B, "Switched
Capacitor Voltage Converters - How They Work"). The
LT1054 provides clocked drive to charge C1. A second
clock phase discharges C1 into C2.The internal switching

is arranged so C1 is "flipped" during the discharge inter-
val, producing a negative output at C2. Continuous clock-
ing allows C2 to charge to the same absolute value as C1.
Junction and other losses preclude ideal results, but per·
formance is quite good. This circuit will convert VIN to
- VOUTwith losses shown in Figure 54.Adding an external
resistive divider allows regulated output (see Appendix B).

With some additional steering diodes this configuration
can effectively run "backwards" (Figure 55), converting a
negative input to a positive output. Figure 56's variant
gives low dropout linear regulation for 5V and - 5V out·
puts from 6VIN.The LT1020based dual output regulation
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scheme is adapted from Figure 8. Figure 57 uses diode
steering to get voltage boost, providing ",2VIN. Bootstrap-
ping this configuration with Figure 54's basic circuit leads
to Figure 58, which converts a 5V input to 12V and -12V
outputs. As might be expected output current capacity is
traded for the voltage gain, although 25mA is still avail-
able. Figure 59, another boost converter, employs a ded·
icated version of Figure 58 (the LT1026)to get regulated
± 7V from a 6V input. The LT1026generates unregulated
± 11V rails from the 6V input with the LT1020and associ·
ated components (again, purloined from Figure 8) produc-
ing regulation. Current and boost capacity are reduced
from Figure 58's levels, but the regulation and simplicity
are noteworthy. Figure 60 combines the LT1054'sclocked
switched capacitor charging with classical diode voltage
multiplication, producing positive and negative outputs.
At no load ± 13V is available, falling to ± 10V with each
side supplying 10mA.

V,N =3.5V TO 15V
VOUT = 2V IN - (V L+ 2V DIODE)

VL =LTl054 VOLTAGE LOSS

+
5"FT

High Power Switched Capacitor Converter

Figure 61 shows a high power switched capacitor con·
verter with a 1A output capacity. Discrete devices permit
high power operation.

The LTC1043switched-capacitor building block provides
non-overlapping complementary drive to the 01-04 power
MOSFETs.The MOSFETsare arranged so that C1 and C2
are alternately placed in series and then in parallel. During
the series phase, the 12V supply current flows through
both capacitors, charging them and furnishing load cur·
rent. During the parallel phase, both capacitors deliver
current to the load. Traces A and B, Figure 62, are the
LTC1043-supplied drives to 03 and 04, respectively. 01
and 02 receive similar drive from pins 3 and 11. The
diode-resistor networks provide additional non·overlap·
ping drive characteristics, preventing simultaneous drive
to the series-parallel phase switches. Normally, the output
would be one-half of the supply voltage, but C1 and its as-
sociated components close a feedback loop, forcing the
output to 5V.With the circuit in the series phase, the out-
put (trace C) heads rapidly positive. When the output ex-
ceeds 5V, C1 trips, forcing the LTC1043 oscillator pin
(trace D) high. This truncates the LTC1043's triangle wave
oscillator cycle. The circuit is forced into the parallel
phase and the output coasts down slowly until the next
LTC1043 clock cycle begins. C1's output diode prevents
the triangle down-slope from being affected and the 100pF
capacitor provides sharp transitions. The loop regulates
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the output to 5V by feedback controlling the turn-off point
of the series phase. The circuit constitutes a large scale
switched-capacitor voltage divider which is never allowed
to complete a full cycle. The high transient currents are
easily handled by the power MOSFETs and overall effi-
ciency is 83%.
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The 5V to ± 15V Converter - A Special Case

Fivevolt logic supplies have been standard since the intro-
duction of DTL logic over twenty years ago. Preceding and
during DTL's infancy the modular amplifier houses stand-
ardized on ± 15V rails. As such, popular early monolithic
amplifiers also ran from ± 15V rails (additional historical
perspective on amplifier power supplies appears in
AN-11's appended section, "Linear PowerSupplies-Past,
Present, and Future"). The 5V supply offered process,
speed and density advantages to digital IC's. The ± 15V
rails provided a wide signal processing range to the ana-
log components. These disparate needs defined power
supply requirements for mixed analog-digital systems at
5V and ± 15V. In systems with large analog component
populations the ± 15V supply was and still is usually
derived from the AC line. Such line derived ± 15V power
becomes distinctly undesirable in predominantly digital
systems. The inconvenience, difficulty and cost of dis-
tributing analog rails in heavily digital systems makes
local generation attractive. 5V to ± 15VDC-DCconverters
were developed to fill this need and have been with us for
about as long as 5V logic.

J J
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Figure A1 is a conceptual schematic of a typical con-
verter. The 5V input is applied to a self-oscillating con·
figuration composed of transistors, a transformer and a
biasing network. The transistors conduct out of phase,
switching (Figure A2, traces A and Care 01's collector
and base, while traces Band Dare 02's collector and
base) each time the transformer saturates. Transformer
saturation causes a quickly rising, high current to flow
(trace E).This current spike, picked up by the base drive
winding, switches the transistors. Transformer current
abruptly drops and then slowly rises until saturation again
forces switching. This alternating operation sets transis·
tor duty cycle at 50%. The transformers secondary is recti-
fied, filtered and regulated to produce the outputs.

This configuration has a number of desirable features. The
complementary high frequency (typically 20kHz) square
wave drive makes efficient use of the transformer and al-
lows relatively small filter capacitors. The self-oscillating
primary drive tends to collapse under overload, prOViding
desirable short circuit characteristics. The transistors
switch in saturated mode, aiding efficiency. This hard
switching, combined with the transformer's deliberate
saturation does, however, have a drawback. During the
saturation interval a significant, high frequency current

Cl R2 OUT
COMMON

BASE BIASING -VREG -15V
ANO ORIVE
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B=20V/DIV
C=2V/DIV

D=2V/DIV

E=5A/DIV

spike is generated (again, trace E). This spike causes
noise to appear at the converter outputs (trace F is the AC
coupled 15V output). Additionally, it pulls significant cur·
rent from the 5V supply. The converters input filter par-
tially smooths the transient, but the 5V supply is usually
so noisy the disturbance is acceptable. The spike at the
output, typically 20mV high, is a more serious problem.
Figure A3 is a time and amplitude expansion of
Figure A2's traces B, E and F. It clearly shows the relation·
ship between transformer current (trace B, Figure A3),
transistor collector voltage (trace A, Figure A3) and the
output spike (trace C, Figure A3). As transformer current
rises the transistor starts coming out of saturation. When
current rises high enough the circuit switches, causing
the characteristic noise spike. This condition is exacer-
bated by the other transistors concurrent switching, caus-
ing both ends of the transformer to simultaneously
conduct current to ground.

Selection of transistors, output filters and other tech·
niques can reduce spike amplitude, but the converters in·
herent operation ensures noisy outputs.

This noisy operation can cause difficulties in precision
analog systems. IC power supply rejection at the high har-
monic spike frequency is low, and analog system errors
frequently result. A 12-bit SAR A·to·D converter is a good
candidate for such spike-noise caused problems. Sampled
data IC's such as switched capacitor filters and chopper
amplifiers often show apparent errors which are due to
spike induced problems. "Simple" DC circuits can exhibit
baffling "instabilities" which in reality are spike caused
problems masquerading as DCshifts.

The drive scheme is also responsible for high quiescent
current consumption. The base biasing always supplies

full drive, ensuring transistor saturation under heavy load·
ing but wasting power at lighter loads. Adaptive bias
schemes will mitigate this problem, but increase complex-
ity and almost neverappear in converters of this type.

The noise problem is, however, the main drawback of this
approach to 5V to ± 15V conversion. Careful design, lay·
out, filtering and shielding (for radiated noise) can reduce
noise, but cannot eliminate it.

Some techniques can help these converters with the noise
problem. Figure A4 uses a "bracket pulse" to warn the
powered system when a noise pulse is about to occur. Os-
tensibly, noise sensitive operations are not carried out dur-
ing the bracket pulse interval. The bracket pulse
(trace A, Figure A5)drives a delayed pulse generator which
triggers (trace B) the flip-flop. The flip-flop output biases
the switching transistors (01 collector is trace C).The out-
put noise spike (trace D) occurs within the bracket pulse
interval. The clocked operation can also prevent trans-
former saturation, offering some additional noise reduc-
tion. This scheme works well, but presumes the powered
system can tolerate periodic intervals where critical
operations cannot take place.

In Figure A6 the electronic tables are turned. Here, the
host system silences the converter when low noise is re-
quired. Traces Band C are base and collector drives for
one transistor while traces 0 and E show drive to the other
device. The collector peaking is characteristic of saturat-
ing converter operation. Output noise appears on trace F.
Trace A's pulse gates off the converter's base bias, stop·
ping switching. This occurs just past the 6th vertical divi·
sion. With no switching, the output linear regulator sees
the filter capacitor's pure DCand noise disappears.
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This arrangement also works nicely but assumes the con·
trol pulse can be conveniently generated by the system. It
also requires larger filter capacitors to supply power duro
ing the low noise interval.

F=50mV/DIV
lAC COUPLED ON

15V LEVEL)

Other methods involve clock synchronization, timing
skewing and other schemes which prevent noise spikes
from coinciding with sensitive operations. While useful,
none of these arrangements offer the flexibility of the in·
herently noise free converters shown in the text.

Switched Capacitor Voltage Converters - How They Work

To understand the theory of operation of switched capaci·
tor converters, a review of a basic switched capacitor
building block is helpful.

In Figure B1, when the switch is in the left position,
capacitor C1 will charge to voltage V1.The total charge on
C1 will be 01 =C1V1. The switch then moves to the right,
discharging C1 to voltage V2. After this discharge time,
the charge on C1 is 02 = C1V2. Note that charge has been
transferred from the source, V1, to the output, V2. The
amount of charge transferred is:

0=01-02=C1(V1- V2)

If the switch is cycled f times per second, the charge
transfer per unit time (i.e.,current) is:

1= fx 0 = fxC1 (V1- V2)

To obtain an equivalent resistance for the switched·
capacitor network we can rewrite this equation in terms of
voltage and impedance equivalence:

1= V1- V2 = V1- V2
(1/fC1) REQUIV
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A new variable, REQUIV, is defined such that REQUIV = lIfC1.
Thus, the equivalent circuit for the switched capacitor net-
work is as shown in Figure B2. The LT1054 and other
switched capacitor converters have the same switching
action as the basic switched capacitor building block.
Even though this simplification doesn't include finite
switch on-resistance and output voltage ripple, it provides
an intuitive feel for how the device works.

These simplified circuits explain voltage loss as a func-
tion of frequency. As frequency is decreased, the output
impedance will eventually be dominated by the 1/fC1 term
and voltage losses will rise.

Note that losses also rise as frequency increases. This is
caused by internal switching losses which occur due to
some finite charge being lost on each switching cycle.
This charge loss per-unit-cycle, when multiplied by the
switching frequency, becomes a current loss. At high fre·
quency this loss becomes significant and voltage losses
again rise.

The oscillators of practical converters are designed to run
in the frequency band where voltage losses are at a mini-

mum. Figure B3 shows the block diagram of the LT1054
switched capacitor converter.

The LT1054 is a monolithic, bipolar, switched capacitor
voltage converter and regulator. It provides higher output
current then previously available converters with signif-
icantly lower voltage losses. An adaptive switch drive
scheme optimizes efficiency over a wide range of output
currents. Total voltage loss at 100mAoutput current is typ-
ically 1.1V. This holds true over the full supply voltage
range of 3.5Vto 15V.Quiescent current is typically 2.5mA.

The LT1054 also provides regulation. By adding an ex-
ternal resistive divider, a regulated output can be
obtained. This output will be regulated against changes in
input voltage and output current. The LT1054can also be
shut down by grounding the feedback pin. Supply current
in shutdown is less than 1OOIlA.

The internal oscillator of the LT1054runs at a nominal fre-
quency of 25kHz. The oscillator pin can be used to adjust
the switching frequency, or to externally synchronize the
LT1054.
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Physiology of the LT1070

The LT1070is a current·mode switcher. This means that
switch duty cycle is directly controlled by switch current
rather than by output voltage. Referring to Figure C1, the
switch is turned on at the start of each oscillator cycle. It
is turned off when switch current reaches a predetermined
level. Control of output voltage is obtained by using the
output of a voltage-sensing error amplifier to set current
trip level. This technique has several advantages. First, it
has immediate response to input voltage variations, unlike
ordinary switchers which have notoriously poor line tran-
sient response. Second, it reduces the 90° phase shift at
mid-frequencies in the energy storage inductor. This
greatly simplifies closed loop frequency compensation
under widely varying input voltage or output load condi·
tions. Finally, it allows simple pulse·by-pulse current limit-
ing to provide maximum switch protection under output

overload or short conditions. A low dropout internal
regulator provides a 2.3Vsupply for all internal circuitry on
the LT1070.This low dropout design allows input voltage
to vary from 3V to 60V with virtually no change in device
performance. A 40kHz oscillator is the basic clock for all
internal timing. It turns on the output switch via the logic
and driver circuitry. Special adaptive antisat circuitry de·
tects onset of saturation in the power switch and adjusts
driver current instantaneously to limit switch saturation.
This minimizes driver dissipation and provides very rapid
turn-off of the switch.

A 1.2V bandgap reference biases the positive input of the
error amplifier. The negative input is brought out for out-
put voltage sensing. This feedback pin has a second func·
tion; when pulled low with an external resistor, it programs
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the LT1070to disconnect the main error amplifier output
and connects the output of the flyback amplifier to the
comparator input. The LT1070will then regulate the value
of the flyback pulse with respect to the supply voltage.
This flyback pulse is directly proportional to output volt·
age in the traditional transformer·coupled flyback top·
ology regulator. By regulating the amplitude of the flyback
pulse the output voltage can be regulated with no direct
connection between input and output. The output is fully
floating up to the breakdown voltage of the transformer
windings. Multiple floating outputs are easily obtained
with additional windings. A special delay network inside
the LT1070 ignores the leakage inductance spike at the
leading edge of the flyback pulse to improve output
regulation.

The error signal developed at the comparator input is
brought out externally. This pin (Vel has four different
functions. It is used for frequency compensation, current
limit adjustment, soft-starting, and total regulator shut-
down. During normal regulator operation this pin sits at a
voltage between O.9V(low output current) and 2.0V (high
output current). The error amplifiers are current output
(gm) types, so this voltage can be externally clamped for
adjusting current limit. Likewise, a capacitor-coupled ex-
ternal clamp will provide soft·start. Switch duty cycle goes
to zero if the Vc pin is pulled to ground through a diode,
placing the LT1070in an idle mode. Pulling the Vc pin be-
low O.15Vcauses total regulator shutdown with only 50flA
supply current for shutdown circuitry biasing. For more
details, see Linear Technology Application Note AN·19,
pages 4-8.

Inductor Selection for Flyback Converters

A common problem area in DC-DCconverter design is the
inductor, and the most common difficulty is saturation. An
inductor is saturated when it cannot hold any more mag-
netic flux. As an inductor arrives at saturation it begins to
look more resistive and less inductive. Under these condi-
tions current flow is limited only by the inductor's DC
copper resistance and the source capacity. This is why
saturation often results in destructive failures.

While saturation is a prime concern, cost, heating, size,
availability and desired performance are also significant.
Electromagnetic theory, although applicable to these is-
sues, can be confusing, particularly to the non·specialist.

Practically speaking, an empirical approach is often a
good way to address inductor selection. It permits real
time analysis under actual circuit operating conditions us-
ing the ultimate simulator - a breadboard. If desired, in·
ductor design theory can be used to augment or confirm
experimental results.

Figure 01 shows a typical flyback based converter utiliz-
ing the LT1070 switching regulator. A simple approach
may be employed to determine the appropriate inductor.
A very useful tool is the #845 inductor kit1 shown in
Figure 02. This kit provides a broad range of inductors for
evaluation in test circuits such as Figure 01.

1 Available from Pulse Engineering, Inc., P.O. Box 12235, San DIego, CA
92112,619·268·2400



Figure 03 was taken with a 450llH value, high core ca·
pacity inductor installed. Circuit operating conditions
such as input voltage and loading are set at levels appro·
priate to the intended application. Trace A is the LT1070's
Vsw pin voltage while trace B shows its current. When Vsw
pin voltage is low, inductor current flows. The high induc-
tance means current rises relatively slowly, resulting in the
shallow slope observed. Behavior is linear, indicating no
saturation problems. In Figure 04, a lower value unit with
equivalent core characteristics is tried. Current rise is
steeper, but saturation is not encountered. Figure D5's
selected inductance is still lower, although core charac·
teristics are similar. Here, the curent ramp is quite
pronounced, but well controlled. Figure 06 brings some in-
formative surprises. This high value unit, wound on a low
capacity core, starts out well but heads rapidly into
saturation, and is clearly unsuitable.

Figure D2. Model 845 Inductor Selection Kit from Pulse
Engineering, Inc. (Includes 18 Fully Specified Devices)
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The described procedure narrows the inductor choice
within a range of devices. Several were seen to produce
acceptable electrical results, and the "best" unit can be
further selected on the basis of cost, size, heating and
other parameters. A standard device in the kit may suffice,
or a derived version can be supplied by the manufacturer.

Using the standard products in the kit minimizes speci·
fication uncertainties, accelerating the dialogue between
userandinductorvendo[

Figure 06. Waveforms for 500"H, Low Capacity Core Inductor
(Note Saturation Effects)
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APPENDIX E

Optimizing Converters for Efficiency
Squeezing the utmost efficiency out of a converter is a
complex, demanding design task. Efficiency exceeding
80-85% requires some combination of finesse, witchcraft
and just plain luck. Interaction of electrical and magnetic
terms produces subtle effects which influence efficiency.
A detailed, generalized method for obtaining maximum
converter efficiency is not readily described but some
guidelines are possible.

Losses fall into several loose categories including junc-
tion, ohmic, drive, sWitching, and magnetic losses.

Semiconductor junctions produce losses. Diode drops in-
crease with operating current and can be quite costly in
low voltage output converters. A lOOmVdrop in a 5V out-
put converter introduces more than 10% loss. Schottky
devices will cut this nearly in half, but loss is still appre-
ciable. Germanium (rarely used) is lower still, but
switching losses negate the low DC drop at high speeds.
In very low power converters Germanium's reverse leak-
age may be equally oppressive. Synchronously switched
rectification is more complex, but can sometimes simu-
late a more efficient diode (see text Figure 32). When
evaluating such a scheme remember to include both AC
and DC drive losses in efficiency estimates. DC losses in-
clude base or gate current in addition to DC consumption
in any driver stage. AC losses might include the effects of
gate (or base) capacitance, transition region dissipation
(the switch spends some time in its linear region) and
power lost due to timing skew between drive and actual
switch action.

Transistor saturation losses are also a significant term.
Channel and collector-emitter saturation losses become
increasingly significant as operating voltages decrease.
The most obvious way to minimize these losses is to se·
lect low saturation components. In some cases this will
work, but remember to include the drive losses (usually
higher) for lower saturation devices in overall loss esti-
mates. Actual losses caused by saturation effects and
diode drops is sometimes difficult to ascertain. Changing
duty cycles and time variant currents make determination
tricky. One simple way to make relative loss judgements is
to measure device temperature rise. Appropriate tools

here include thermal probes and (at low voltages) the per-
haps more readily available human finger. At lower power
(e.g., less dissipation, even though loss percentage may
be as great) this technique is less effective. Sometimes
deliberately adding a known loss to the component in
question and noting efficiency change allows loss
determination.

Ohmic losses in conductors are usually only significant at
higher currents. "Hidden" ohmic losses include socket
and connector contact resistance and equivalent series
resistance (ESR)in capacitors. ESR generally drops with
capacitor value and rises with operating frequency, and
should be specified on the capacitor data sheet. Consider
the copper resistance of inductive components. It is often
necessary to evaluate trade-offs of an inductors copper re-
sistance vs magnetic characteristics.

Drive losses were mentioned, and are important in obtain-
ing efficiency. MOSFETgate capacitance draws substan-
tial AC drive current per cycle, implying higher average
currents as frequency goes up. Bipolar devices have lower
capacitance, but DC base current eats power. Large area
devices may appear attractive for low saturation, but
evaluate drive losses carefully. Usually, large area devices
only make sense when operating at a significant percent-
age of rated current. Drive stages should be thought out
with respect to efficiency. Class A type drives (e.g., resis-
tive pull-up or pull-down) are simple and fast, but wasteful.
Efficient operation usually requires active source-sink
combinations with minimal cross conduction and biasing
losses.

SWitching losses occur when devices spend significant
amounts of time in their linear region relative to operating
frequency. At higher repetition rates transition times can
become a substantial loss source. Device selection and
drive techniques can minimize these losses.

Magnetics design also influences efficiency. Design of
inductive components is well beyond the scope of this
appended section, but issues include core material selec-
tion, wire type, winding techniques, size, operating fre-
quency, current levels, temperature and other issues.



Some of these topics are discussed in LTC Application
Note AN·19, but there is no substitute for access to a
skilled magnetics specialist. Fortunately, the other cate·
gories mentioned usually dominate losses, allowing good
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efficiencies to be obtained with standard magnetics. Cus-
tom magnetics are usually only employed after circuit
losses have been reduced to lowest practical levels.

Instrumentation for Converter Design

Instrumentation for DC-DC converter design should be se·
lected on the basis of flexibility. Wide bandwidths, high
resolution and computational sophistication are valuable
features, but are usually not required for converter work.
Typically, converter design requires simultaneous observa-
tion of many circuit events at relatively slow speeds. Sin·
gle ended and differential voltage and current signals are
of interest, with some measurements requiring fully float-
ing inputs. Most low level measurement involves AC
signals and is accommodated with a high sensitivity plug·
in. Other situations call for observation of small, slowly
changing (e.g., 0.1Hz to 10Hz) events on top of DC levels.
This range falls outside the AC coupled cut·off of most os-
cilloscopes, mandating differential DC nulling or "slide·
back" plug·in capability. Other requirements include high
impedance probes, filters and oscilloscopes with very
versatile triggering and multi·trace capability. In our con·
verter work we have found a number of particularly note·
worthy instruments in several categories.

PROBES

For many measurements standard 1 x and 10 x scope
probes are fine. In most cases the ground strap may be
used, but low level measurements, particularly in the pres-
ence of wideband converter switching noise, should be
taken with the shortest possible ground return. A variety
of probe tip grounding accessories are available, and are
usually supplied with good quality probes (see Figure F1).
In some cases, directly connecting the breadboard to the
'scope may be necessary (Figure F2).

Wideband FET probes are not normally needed, but a
moderate speed, high input impedance buffer probe is
quite useful. Many converter circuits, especially mi-
cropower designs, require monitoring of high impedance
nodes. The 10MOIoading of standard 10 x probes usually
suffices, but sensitivity is traded away. 1 x probes retain

sensitivity, but introduce heavier loading. Figure F3 shows
an almost absurdly simple, but useful, circuit which
greatly aids probe loading problems. The LT1022 high
speed FET op amp drives an LT1010 buffer. The LT1010's
output allows cable and probe driving and also biases the
circuits input shield. This bootstraps the input capaci·
tance, reducing its effect. DC and AC errors of this circuit
are low enough for almost all converter work, with enough
bandwidth for most circuits. Built into a small enclosure
with its own power supply, it can be used ahead of a
'scope or DVM with good results. Pertinent specifications
appear in the diagram.

Figure F4 shows a simple probe filter which sets high and
low bandwidth restrictions. This circuit, placed in series
with the 'scope input, is useful for eliminating switching
artifacts when observing circuit nodes.

An isolated probe allows fully floating measurements,
even in the presence of high common mode voltages. It is
often desirable to look across floating points in a circuit.
The ability to directly observe an ungrounded transistor's
saturation characteristics or monitor waveforms across a
floating shunt makes this probe valuable. One probe, the
Signal Acquisition Technologies, Inc. Model SL·10, has
10MHz bandwidth and 600V common mode capability.

Current probes are an indispensable tool in converter de·
sign. In many cases current waveforms contain more valu-
able information than voltage measurements. The clip-on
types are quite convenient. Hall effect based versions re-
spond down to DC, with bandwidths of 50MHz. Trans-
former types are faster, but roll off below several hundred
cycles (Figure F5). B"oth types have saturation limitations
which, when exceeded, cause odd results on the CRT, con·
fusing the unwary. The Tektronix P6042 (and the more reo
cent AM503) Hall type and P6022/134 transformer based
type give excellent results. The Hewlett·Packard 428B
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Figure F2. Direct Connections to the Oscilloscope Give Best Low Level Measurements. Note Ground Reference Connection to the
Differential Plug·(n's Negative Input.



Application Note 29

clip·on current probe responds from DC to only 400Hz,but
features 3% accuracy over a 100JlA to 10A range. This in·
strument, useful for determining efficiency and quiescent
current, eliminates shunt caused measurement errors.

OSCILLOSCOPES AND PLUG·INS
The oscilloscope plug·in combination is an important
choice. Converter work almost demands multi·trace capa-
bility. Two channels are barely adequate, with four far
preferable. The Tektronix 2445/6offers four channels, but
two have limited vertical capability. The Tektronix 547(and

the more modern 7603),equipped with a type 1A4 (2 dual
trace 7A18's required for the 7603) plug-in, has four full
capability input channels with flexible triggering and suo
perb CRT trace clarity. This instrument, or its equivalent,
will handle a wide variety of converter circuits with min-
imal restrictions. The Tektronix 556offers an extraordinary
array of features valuable in converter work. This dual
beam instrument is essentially two fully independent os-
cilloscopes sharing a single CRT. Independent vertical,
horizontal and triggering permit detailed display of almost
any converters operation. Equipped with two type 1A4

INPUT CAPACITANCE ~ 8pF
IB=50pA
GBW=8.5MHz
SLEW = 23V/,.s
OFFSET VOLTAGE= 250.V
OFFSET TEMPERATURE DRIFT =5.V/oC

160pF

~100kHZ

0.0016

~10kHZ

0.016

~lkHZ

016~
L-.r. 100Hz BNC OUTPUT
~ - (TO SCOPE)

1.6.F I

~10HZ dBCSMAll
LOW SCOPE lMEG. TYPICALLY
PASS 9pF-22pF

101 1oo1.1ooPF0 *
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plug-in's, the 556 will display eight real time inputs. The in-
dependent triggering and time bases allow stable display
of asynchronous events. Cross beam triggering is also
available, and the CRT has exceptional trace clarity.

Two oscilloscope plug·in types merit special mention. At
low level, a high sensitivity differential plug-in is indis-
pensable. The Tektronix 1A7 and 7A22 feature 10/LV

Figure FS. Hall (Trace A) and Transformer (Trace B) Based Current
Probes Responding to Low Frequency

sensitivity, although bandwidth is limited to 1MHz. The
units also have selectable high and low pass filters and
good high frequency common mode rejection. Tektronix
types W, 1A5 and 7A13 are differential comparators. They
have calibrated DC nulling ("slideback") sources, allowing
observation of small, slowly moving events on top of com-
mon mode DC.

Almost any DVM will suffice for converter work. It should
have current measurement ranges and provision for bat-
tery operation. The battery operation allows floating
measurements and eliminates possible ground loop
errors. Additionally, a non-electronic (VOM)voltmeter (e.g.,
Simpson 260, Triplett 630) is a worthwhile addition to the
converter design bench. Electronic voltmeters are occa-
sionally disturbed by converter noise, producing erratic
readings. A YOM contains no active circuitry, making it
less susceptible to such effects.

The Magnetics Issue

Magnetics is probably the most formidable issue in con·
verter design. Design and construction of suitable mag-
netics is a difficult task, particularly for the non-specialist.
It is our experience that the majority of converter design
problems are associated with magnetics requirements.
This consideration is accented by the fact that most con-
verters are employed by non-specialists. As a purveyor of

Figure G1. Magnetics for LTC Applications Circuits are Designed
and Supplied as Standard Product by Pulse Engineering, Inc.

switching power IC's we incur responsibility towards ad-
dressing the magnetics issue (our publicly spirited alti·
tude is, admittedly, capitalistically influenced). As such, it
is LTC's policy to use off-the-shelf magnetics in our cir·
cuits. In some cases, available magnetics serve a particu-
lar design. In other situations the magnetics have been
specially designed, assigned a part number and made
available as standard product. In these endeavors our
magnetics supplier and partner is;

Pulse Engineering, Inc.
P.O.Box 12235
7250Convoy Court
San Diego, Cal ifornia 92112
619-268·2400

In many circumstances a standard product is suitable for
production. Other cases may require modifications or
changes which Pulse Engineering can provide. Hopefully,
this approach serves the needs of all concerned.
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Switching Regulator Circuit Collection

Switching regulators are of universal interest. Linear
Technology has made a major effort to address this topic.
A catalog of circuits has been compiled so that a design
engineer can swiftly determine which converter type is
best. This catalog serves as a visual index to be browsed
through for a specific or general interest.

The catalog is organized so that converter topologies can
be easily found. There are 12 basic circuit categories: Bat·
tery, Boost, Buck, Buck·Boost, Flyback, Forward, High
Voltage, Multi·Output, Off·Line, Pre·Regulator, Switched
Capacitor, and Telecom. Additional circuit information
can be located in the references listed in the index. The
reference works as follows, i.e., AN8, Page 2 = Application
Note 8, Page 2; LTC1044 OS = LTC1044 data sheet;
DN17 = Design Note 17.

DRAWING INDEX
FIGURE TITLE FIGURE# PAGE REFERENCE/SOURCE

Battery
2 Amp Converter with 150~ Quiescent Current (6V to 12V) Figure5 6 AN29, Page9
200mA Output Converter (1.5V to 5V) Figure6 7 AN29, Page 15
Up Converter(6V to 15V) Figure 7 7 AN8, Page 9fLT1013 OS
Regulated Up Converter (5V to 10V) Figure 8 8 LT1018OS
Boost Converter (1.5V to 5V) Figure9 8 AN15, Page 7/LT1018 OS
Up Converter (1.5V to 5V) Figure 10 8 LM100S
Single Cell Up Converter (1.5V to 5V) Figure11 8 AN8, Page 8
The Low Quiescent Current Loop Applied to a Buck Converter (8V-16V to 5V) Figure 18 14 AN29, Page 12
Low Power Switching Regulator (9V to 5V) Figure 23 17 AN8, Page 4fLT10130S
Micropower SWitching Regulator (5.8V-10Vto 5V) Figure 24 17 AN23, Page 15
Transformer Coupled Low Quiescent Current Converter (12V to 5V, ± 12V) Figure 30 20 AN29, Page 13
BOOpAOutput Converter (1.5V to 5V) Figure 40 26 AN29, Page 14
Switching Pre-Regulated Linear Regulator(9V to 5V) Figure 49 31 AN8, Page 5/LT1013 OS
Micropower Post-Regulated Switching Regulator (6V-10V to 5V) Figure51 32 AN23, Page 16
Generating CMOS Logic Supply from 2 Mercury Batteries (2.4V to 4.8V) Figure 71 38 LTC1044 OS
Battery Splitter (9V to ± 4.5V) Figure 72 38 AN8, Page 21LTC1044OS
Regulated Voltage Up Converter Figure 76 39 AN8, Page 7/LTC1044 OS

Boost
Boost Converter (5V to 12V) Figure 1 5 AN19, Page 13fAN25, Page 21LT1070OS
Voltage Boosted Boost Converter (15V to 100V) Figure 2 5 AN19, Page 37fLT1070 OS
Current Boosted Boost Converter (16V·24V to 28V) Figure 3 5 AN19, Page 40/LT1070 OS
Negative Boost Regulator (-15V to - 28V) Figure4 5 AN19, Page 381LT1070OS
2 Amp Converter with 150~ Quiescent Current(4.5V-8Vto 12V) Figure5 6 AN29, Page9
200mA Output Converter (1.5V to 5V) Figure6 7 AN29, Page 15
Up Converter (6V to 15V) Figure 7 7 AN8, Page 9/LT1013 OS
Regulated Up Conve,1er (5V to 10V) Figure8 8 LT1018OS
Boost Converter (1.5V to 5V) Figure9 8 AN15, Page 7fLT1018 OS
Up Converter (1.5V to 5V) Figure 10 8 LM100S

.L7~J!J~ AN30-1
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FIGURE TITLE

Boost (Continued)
Single Cell Up Converter (1.5V to 5V)
Single Inductor, Dual Polarity Regulator (6V to ± 15V)
Single Inductor Regulated Converter (5V to ± 15V)
Low Noise Converter (5V to ± 15V)
Ultra Low Noise Sine Wave Drive Converter (5V to ± 15V)
Single Inductor, Dual Output Converter (5V to ± 15V)
Basic Flash EPROM Vpp Pulse Generator (5V to 12.75Vor 12.00V)
High Repetition Rate Vpp Pulse Generator (5V to 12.75Vor 12.00V)

Buck
Positive Buck Converter (15V-35V to 5V)
The Low Quiescent Current Loop Applied to a Buck Converter (8V-16V to 5V)
Positive Buck Converter (7V-15V to 5V)
Positive Buck Converter
Negative Buck Converter ( - 20V to - 5.25V)
90% Efficiency Positive Buck Converter with Synchronous Switch (9.5V-14V to 5V)
Low Power Switching Regulator (9V to 5V)
Micropower Switching Regulator(5.8V-10V to 5V)
5V,1 Amp Regulator (8V-30V to 5V)
High Power Linear Regulator with SWitching Pre-Regulator
Linear Regulator with Switching Pre-Regulator
Switching Pre-Regulated Linear Regulator (9V to 5V)
Low Dissipation Regulator (10V-20V to 5V)
Micropower Post-Regulated Switching Regulator(6V-10V to 5V)
High Current Low Dissipation Pre-Regulated Linear Regulator
Switching Pre-Regulator for Wide Input Voltage Range \l.5V-30V to 5V)
High Current Positive Buck with Bootstrapped NMOS Gate Drive (15V-35V to 5V)

Buck·Boost
Positive Buck-Boost Converter (15V-35V to 28V)
Non-Isolated Regulator ( - 48V to 5V)
Positive to Negative Buck-Boost Converter(10V·30V to -12V)

Flyback
Flyback Converter (20V-30V to 5V)
Transformer Coupled Low Quiescent Current Converter (12V to 5V, ± 12V)
Totally Isolated Converter (5V to ± 15V)
Input Positive Output Negative Flyback Converter (3.5V-35V to - 5V)
High Efficiency Flux Sensed Isolated Converter(12V to 5V)
Positive Current Boosted Buck Converter (28V to 5V)
Negative Current Boosted Buck Converter
Negative Input·Negative Output Flyback Converter
Positive Input-Negative Output Flyback Converter
Fully Isolated Regulator( - 48V to 5V)
Low la, Isolated Converter (5V to ± 15V)
800pA Output Converter (1.5V to 5V)
Multi-Output Flyback Converter (12V to 5V, ± 12V)
Multi-Output, Transformer Coupled Low Quiescent Current Converter (12V to 5V, ± 12V)

FIGURE# PAGE REFERENCE/SOURCE

Figure 11 8 AN8, Page 8
Figure 12 9 AN8, Page 10/LT1013 DS
Figure 13 10 AN29, Page 6
Figure 14 11 AN29, Page 2
Figure 15 12 AN29, Page4
Figure 16 13
Figure 87 43 DN17
Figure 88 43 DN17

Figure 17 13 AN29, Page 23
Figure 18 14 AN29, Page 12
Figure 19 15
Figure 20 15 AN19, Page 23
Figure21 16 AN19, Page 17/LT1070 DS
Figure 22 16 AN29, Page 18
Figure 23 17 AN8, Page 41LT1013DS
Figure 24 17 AN23, Page 15
Figure 25 18 LT3524 DS
Figure 46 30 AN29, Page 25/LT1083 DS
Figure 48 31 AN2, Page3
Figure 49 31 AN8, Page 51LT1013DS
Figure 50 32 LT1035 DS
Figure51 32 AN23, Page 16
Figure52 33 AN2, Page 4/lT1038 DS
Figure 53 33 LT1020 DS
Figure89 44

Figure 26 18 AN29, Page 24
Figure 27 19 AN19, Page 20/AN25, Page 41AN29, Page 21
Figure 28 19 AN19, Page 39/LT1070 DS

Figure 29 20 AN19, Page 26JAN29, Page 20/LT1070 OS
Figure 30 20 AN29, Page 13
Figure 31 21 AN19, Page 3O/LT1070 DS
Figure 32 21 AN29, Page 22
Figure 33 22 AN29, Page 19
Figure 34 22 AN19, Page 34/LT1070 DS
Figure 35 23 AN19, Page 36JLT1070DS
Figure36 23 AN19, Page 36JLT1070 DS
Figure 37 24 AN19, Page 37/LT1070 DS
Figure 38 24 AN25, Page6
Figure 39 25 AN29, Page 7
Figure 40 26 AN29, Page 14
Figure 85 42 DN18
Figure 86 42 ON18

.L7~
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DRAWING INDEX (Continued)
FIGURE TITLE FIGURE# PAGE REFERENCE/SOURCE

Forward
Forward Converter (20V·30V to 5V) Figure41 27 AN19, Page 411LT1070DS

High Voltage
Non·lsolated Converter (15V to 1000V) Figure 42 27 AN29, Page 26
Isolated Output Converter (15V to 1000V) Figure 43 28 AN29, Page 27
Converter with 20,OOOVIsolation (15V to 10V) Figure 44 28 AN29, Page 28

Multi·Output
Single Inductor, Dual Polarity Regulator (6V to ± 15V) Figure 12 9 AN8, Page 10/LT1013 DS
Single Inductor Regulated Converter (5V to ± 15V) Figure 13 10 AN29, Page 6
Low Noise Converter (5V to ± 15V) Figure 14 11 AN29, Page 2
Ultra low Noise Sine Wave Drive Converter (5V to ± 15V) Figure 15 12 AN29, Page 4
Single Inductor, Dual Output Converter (5V to ± 15V) Figure 16 13
Transformer Coupled low Quiescent Current Converter (12V to 5V, ± 12V) Figure 30 20 AN29, Page 13
Totally Isolated Converter (5V to ± 15V) Figure31 21 AN19, Page 3O/LT1070DS
Low 10,Isolated Converter(5Vto ± 15V) Figure 39 25 AN29, Page 7
Dual Pre-Regulated Supply(90-130VAC to ± 12V) Figure 47 30 lT1086DS
Dual Output Voltage Doubler Figure 60 35 lT1054DS
Switched Capacitor Converter (5V to ± 12V) Figure61 35 AN29, Page 3O/lT1054 DS
Switched Capacitor Charge Pump Based Voltage Multiplier (5V to ± 12V) Figure 62 36 AN29, Page 31
Dual Output Switched Capacitor Voltage Generator Figure 78 39 lT1026DS
Switched Capacitor Based Converter (6V to ± 7V) Figure 79 40 AN29, Page 31
Voltage Multiplier(±5Vto ± 15V) Figure 81 41 LT1032DS
High Current Switched Capacitor Converter (6V to ± 5V) Figure 84 41 AN29, Page 29
Multi·Output Flyback Converter (12V to 5V, ± 12V) Figure 85 42 DN18
Multi·Output, Transformer Coupled low Quiescent Current Converter (12V to 5V, ± 12V) Figure 86 42 DN18
Off·Line
100W Off·Line Switching Regulator. DANGER! lethal Potentials Present. Figure 45 29 AN25, Page 8

Pre-Regulator
High Power Linear Regulatorwith SWitching Pre·Regulator Figure 46 30 AN29, Page 25/lT1083 DS
Dual Pre·Regulated Supply (90-130VAC to ± 12V) Figure 47 30 LT1086DS
Linear Regulator with Switching Pre-Regulator Figure 48 31 AN2, Page 3
Switching Pre-Regulated Linear Regulator (9V to 5V) Figure 49 31 AN8, Page 5JLT1013DS
Low Dissipation Regulator(10V·20V to 5V) Figure 50 32 lT1035 DS
Micropower Post·Regulated SWitching Regulator (6V·10V to 5V) Figure51 32 AN23, Page 16
High Current low Dissipation Pre-Regulated Linear Regulator Figure 52 33 AN2, Page 4/lT1038 DS
SWitching Pre·Regulator for Wide Input Voltage Range (J.5V·30V to 5V) Figure 53 33 lT1020DS

Switched Capacitor
Basic Voltage Inverter Figure 54 34 lT1054 DS
Basic Voltage Inverter/Regulator Figure 55 34 lT1054DS
Negative Voltage Doubler Figure 56 34 lT1054 DS
Positive Doubler Figure 57 34 AN29, Page 3O/lT1054 DS
Switched Capacitor - V1N to + Vour Converter Figure 58 34 AN29, Page 29
100mA Regulating Negative Doubler Figure 59 35 lT1054 DS
Dual Output Voltage Doubler Figure 60 35 lT1054 DS
Switched Capacitor Converter (5V to ± 12V) Figure61 35 AN29, Page 30/lT1054 DS
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DRAWING INDEX (Continued)

FIGURE TITLE

Switched Capacitor (Continued)
Switched Capacitor Charge Pump Based Voltage Multiplier (5V to ± 12V)
Reguiator (3.5V to 5V)
Regulating 200mA Converter (12V to - 5V)
Oigitally Programmable Negative Suppiy
Positive Doubler with Regulation
Negative Doubler with Regulator
Negative Voltage Converter
Voltage Doubler
Voltage Doubler
Generating CMOS Logic Supply from 2 Mercury Batteries (2.4V to 4.8V)
Battery Splitter(9V to ± 4.5V)
Paralleling for Lower Output Resistance
Stacking for Higher Voltage
Voltage Tripler/Quadrupler
Regulated Voltage Up Converter (3V to 5V)
Regulated Negative Voltage Converter
Dual Output Switched Capacitor Voltage Generator
Switched Capacitor Based Converter (6V to ± 7V)
High Power Switched Capacitor Converter (12V to 5V)
Voltage Multiplier(± 5Vto ± 15V)
Charge-Pump Negative Voltage Generator
Charge-Pump Voltage Doubler
High Current Switched Capacitor Converter (6V to ± 5V)

Telecom
Non-Isolated Regulator ( - 48V to 5V)
Fully Isolated Regulator( - 48V to 5V)

FIGURE# PAGE REFERENCE/SOURCE

Figure 62 36 AN29, Page 31
Figure 63 36 LT1054 OS
Figure 64 36 LT1054 OS
Figure65 37 LT1054 OS
Figure66 37 LT1054 OS
Figure 67 37 LT1054 OS
Figure 68 37 LTC1044 OS
Figure 69 37 LTC1044OS
Figure 70 38 AN8, Page 6
Figure 71 38 LTC1044OS
Figure 72 38 AN8, Page 2JLTC1044OS
Figure 73 38 LTC1044OS
Figure 74 38 LTC1044OS
Figure 75 39 LTC1044 OS
Figure 76 39 AN8, Page 7/LTC1044 OS
Figure 77 39 AN8, Page 2JLTC1044OS
Figure 78 39 LT1026 OS
Figure 79 40 AN29, Page 31
Figure 80 40 AN3, Page 16/AN8, Page 5/AN29, Page 32
Figure81 41 LT1032 OS
Figure82 41 LT1020 OS
Figure83 41 LT1020 OS
Figure84 41 AN29, Page 29

Figure 27 19 AN19, Page 2O/AN25, Page 4/AN29, Page 21
Figure 38 24 AN25, Page6

Pulse Engineering Catalog - Switching Magnetics
Pulse Engineering, Inc.
P.O. Box 12235
San Diego, CA 92112
Phone: 619-268-2400

Pressman, A.I., "Switching and Linear Power Supplies,
Power Converter Design," Hayden Book Co., Hasbrouck
Heights, New Jersey, 1977, ISBN 0-8104-5847-0.

Chryssis, G., "High Frequency Switching Power Supplies,
Theory and Design," McGraw Hill, New York, 1984, ISBN 0-
07-010949-4.

Nelson, C., "LT1070 Design Manual," Linear Technology
Corporation, Application Note 19.

Williams, J., "Switching Regulators for Poets," Linear
Technology Corporation, Application Note 25.

Williams, J., "Power Conditioning Techniques for Batter-
ies," Linear Technology Corporation, Application Note 8.

Williams, J. and Huffman, B., "Some Thoughts on DC·DC
Converters," Linear Technology Corporation, Application
Note 29.

Williams, J., "Inductor Selection for LT1070 Switching
Regulators," Linear Technology Corporation, Design
Note 8.
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MINIMUM
LOAO=50mA

'REQUIRED IF INPUT LEADS ;,,2"

VOUT
5V@10A

+ C2
5000"F



MINiMUM
LOAO= lOmA

- Your
5V@lOA

R6 Tl -=
O.47pF II R3

R2

lk
5k

lN414B
MUR110 I:N .

01 Cl
V,N Vsw

2N3906

V,N-=-
100pF LT1070/LTlO71 MBR340

-Your

GNO Rl = IVourl-1.6V

200pA

R4
1.24k



Application Note 30

I. 'hTl

10k

0
G SOO

05
3k S IRF-830

47k lN3026A
18V

-48VIN (-40V TO -BOV)
INPUT

.,% METAL FilM RESISTOR
··CLA202U7R5.lll (MALLORY)

...••.. = lN4148

"M" PREFIXED DIODES = MDTOROLA
PNP=2N3906
NPN = 2NJ904o = 1.5KE68A (MOTOROLA)

'''"PULSE ENGINEERING

OPTIONAL M 52901

SEETEXT~50.F
SPRAGUE

/ / TTEl307
/ / ':"

MUR120
,.

MURt20

Vsw VIN

LT1071 F8 NC

Vc GNO

10k

1000

lO~F

22"'*



~

SVIN (4SV TO S.SV)

1.2M"

~
1.2k

47.F2W

47.F

VIN 82k

NC FB LT1070

Vc GNO SV
4N46

":"

~

2N3906 10k

01

":" 390k

":"
L 1 = PULSE ENGINEERING, INC # PE-61S92
" = 1% FILM RESISTOR

~ = +5 GROUNO
117= ± 15 COMMON

-IN OUT 2 lSVOUT
100mA

LT1020 2.SM" O.OOl.F

COMP 11
1O.FFB

PNP 2.SV
REF COMP SOOk"

+IN OUT NPN
7 4 6

O.OOl.F

3M" SOOk" lOOk 1O.F

-lSVOUT
100mA

02
VN2222

r----------------,
I TO TO 16V
I REF OUT PRE-REG

I
I
I TO
I -16V
I UNREG
I l.SM
I TO-15V
I

I
I
I
I
I
I~----------------
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V,N HP5082·2810 5VOUT
3.9M (1.1V-2V) NC

®

47"F 10M
®

1.5M 240k

T150PF CD
360k

150k L1
-=- 619k' 1M'

3.9M 2M
1.5V -=- 10M-=- 1M' V,N470k

lTl004
1.2V

-=- 10M 390k -=- -=-1.5V

'=1% METAL FilM RESISTOR
PNP=2N3906 HP-5082-2810
NPN =2N3904

L1 = TRIAD # SP-29 -=-

OPTIONAL FOR
NEGATIVE
OUTPUT

TO 39Dkll
OF C28----------------------------------~
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Dl L1
MBR735 70.H VOUTT1 5V

6A

D2 Cl •
MBR735 2000.F

RT
3.74k

VOUT
1000V
5W

12.4k 1%
(IDEAL VALUE-PAD AS REQUIRED
FOR 1000VOUTI

L1 =PULSE ENGINEERING, INC. # PE·6197
10M = MAX·750·22 VICTOREEN, INC.*=SEMTECH, FM·5Q
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Vsw
V,N

NC FB LTlO72
3.6k

Vc GNO

4N46
":"

0.1

~

5k
OUTPUT
ADJUST

* = INPUT GROUND

m =OUTPUT COMMON

• = 1% METAL FILM RESISTOR

10M ~VICTOREEN MAX-750-22

-.+- = SEMTECH-FM-50

L 1 ~ PULSE ENGINEERING, INC. # PE-6197

470PF

T

• = 1% METAL FILM RESISTOR
PIElOCERAMIC TRANSFORMERS
AVAILABLE FROM CHANNEL
INDUSTRIES, INC. SANTA BARBARA, CA

! PIElOCERAMIC
I TRANSFORMER

I 1N4148

FLOATING
OUTPUT
COMMON



'1% METAL FILM RESISTOR
"OLA302V010J2L (MALLORY)

( =2N3904

-..- =lN4148

~ =V150LA20 (GE)

RT-'1M- = 0504CS (MIOWEST COMPONENTS)

-( =2N3906

DANGERI LETHAL POTENTIALS PRESENT
IN SCREENED AREA' DO NOT CONNECT

GROUNDED TEST EOUIPMENT -SEE TEXT

4"H
PULSE ENGINEERING

# 52901

DPTlO~~:~GUE
SEE TEXT: / T TE.1307

I I ":"
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(HEATSINK)
2N6667 01

(OARLINGTON)

130VAC-]
90VAC

(HEATSINK)
2N6667

(OARLINGTON)

• = 1% FILM RESISTORS
MOA ~ MOTOROLA

Ll ~PULSE ENGINEERING. INC. 'PE-92106

124f}*

lk 510k

LT1004-2.5

100,", 02
lN4002

3O.1k- 1.07k-
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lT1004
1.2

lT1004
2.5
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V,N
10VOC-
20VOC

OUTPUT
CONTROL

LOGIC

'OALE TO-5
THIS CIRCUIT IS OESIGNEO TO REDUCE POWER DISSIPATION
IN THE LT1035 OVER A 90VAC-140VAC INPUT RANGE.

IRF09120 100mH -OALE TE-504-TA
5.2V 3

+V=6V-l0V V,N Your
+ LT1020

0 1N5817 220PF

1
680pF 1M' 2.5V 1M'

REF GNO FB
4 9 11

":" ":"

200k
PRE-REG
TRIM
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11OAC]11
LTlOO4

'.2
LTl004

2.5

OV-35V
+ OA-1OA*" l00,.F ~~,~fR

·1% FILM RESISTOR
Tl = SPRAGUE "Z-2OO3

tSCRs~G.E. C-220B
1 MHY~OALETD-5TYPE

~_ r-----~~-----~
REGULATOR OUTPUT I I

4mH:i\ I I
-- 3 VIN LTl020 VOUT 2 ~S~100mA I

I
I
I
I
I
I
II 220k I

L ~ ..J

r'

TO 1.8M
VREF 2N3904

(PIN 4)

MAINTAINS LOW 10 « '00,.1\)
FOR ALL INPUT VOLTAGES
SWITCHER EFfie, =85%
POST REG. EFFie. =82%
OVERALL EFFIe. = 70%
SWITCHING REGULATOR OUTPUT =
2.5 x(' +RA/RB). FOR A CLEAN OUTPUT
FROM THE LINEAR REGULATOR SET TO VOUT+ 1.2V
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-VOUT¥ l00pl'

R2=RI (~ +1) =20k (IVOUTI +1)
V~EF -40mV 1.21V

VIN=3.5VTO 15V
VOUT=2VIN-(Vl +2VOlOOE)

V l = LT1054 VOLTAGELOSS
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~_+ 100.F V'N=3.5 TO 15V
VOUTMAX ~ - 2V,N+(1054 VOLTAGELOSS+2 (VOIODE)]

-VOUT
'OUT'" 100mA MAX

R2=R1 (~ +1) -R1 (IVOUTI +1)
V~EF -40mV - 1.21V

V'N~3.5V TO 15V
+VOUT~2V'N-(VL +2VDloDEl
-VOUT~ -2V,N+(VL +2VDlODE)

VL =LTT054 VOLTAGELOSS

"*=lN4001
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lOef
5V

lOef

+C1
3 LT1054

lOef

-=-

+VOUT

+ lOefT l00eF

-....- ~lN4148 lOeF

VIN=3.5V TO 5.5V
VOUT= 5V

lOUT MAX = 50mA

R2=R1 (~ +2) =R1 (IVOUTI +2)
V~Ef -40mV 1.21 V

5eF 12V

-F1+

R2=R1 (~ +1) ~R1 (IVOUTI +1) 200efl+-=-+
V~Ef -40mV 1.21V .L



1
DIGITAL
INPUT
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VIN=3.5V TO 15V
VourMAX. -2VIN+(Vl +2VOI00E)

VL =LT1054 VOLTAGE LOSS

R2=Rl (~ +1) =Rl (~ +1)
V~F -4OmV L2lY

O'-:r



Application Note 30

Figure 71. Generating CMOS Logic Supply
from 2 Mercury Batteries (2.4V to 4.8V)
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FORVOUT""3V+ FORVour=4V+
(+15Vj- - (+20V)

!

I-
I
,I
I
I
I
I
I

61
I
I
L_

--,
Ie
I
I
I

200mv.l I
lM'O .". I

lOOk
VOUT

ADJUST

OUTPUT

"'¥ lO
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OUT 7VOUT
20mA

500k·

FB 11 O.OOl"F +
100"F

270k·

10"F '='
-7VOUT
20mA

TO.002

ALL DlOOES ARE lN4148
01, 02, 03 = IRF9531 P-CHANNEL
04 = IRF533 N-CHANNEL

180PF*"



'ClOCK=1kHz

~~=n..
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VOUT
13.7V AT NO LOAO

+ 12.0V AT 10mA
470~FT

':'" -VOUT
-13.7V AT NO LOAO
-12.0V AT 10mA

470'F1"

~

O'F
VOUT
(-I

':" 1N5819

OR EOUIVALENT 1o'FVOUT (NLI= -(VIN-WI
VOUT (SmA) = -(VIN-3Vl
lo=300~

r
VOUT (NL)=2V1N-1V
VOUT (SmA) =2V1N-3V
lo=300~
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L1 = PULSE ENGINEERING, INC. #PE·65108
PULSE ENGINEERING, INC.
P.O. 80X 12235
SAN DIEGO, CA 92112
PHONE: 619·268·2400

• = 1% FILM RESISTOR

,,-- .

/ O~FF\
LT1086·12

ION I ~
I I + 470 F I
I I I "-=I I
I 1_

MUR120 I -

(jJ)
M8R360

Vour
5V

R7 1A
10k

lOpFI------~~--------
I 1~W
I
I
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10 5V

~+

Vpp
OUTPUT

+ 200mA MAX
100"F

Vo=12.00vT
10.7k -=
0.1%

Vo=12.75V
11.5k
0.1%

0.1% RESISTORS =IRC- #CM55-T13
L1 = PULSE ENGINEERING # PE-52645

• =ZENER DlOOE OPTIONAL - SEE TEXT

Vpp
OUTPUT
150mA MAX



» »z "0
w "0
0 INPUT ()I

~ 15V-35V 0~ 0.0180 ::±
0
:J

lN4148 ZLT317AH Q.
CDc..v
0

100"F 50k 20k ':'

·=1% FILM RESISTORS
IRFZ44 = INTERNATIONAL RECTIFIER

L 1 = PULSE ENGINEERING, INC. # PE-92117
•• =V" MATCHING OF 20mV AT 240~
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Linear Circuits for Digital Systems
Some Affable Analogs for Digital Devotees

Jim Williams
The pristine, regimented symmetry of digital circuit
boards is occasionally interrupted by an irregular huddle
of linear components. These aberrants are tolerated be-
cause they perform a variety of ancillary tasks necessary
to keep the digital system running. While I certainly
wouldn't wish lifetime employment on a digital circuit
board to anyone*, the reality is that the need exists. Power
control, clock circuits and memory management are areas
where linear circuits are needed in digital systems. Re·
cently introduced flash memories offer a good example of
linear circuits supporting a predominantly digital function.
Flash memory adds electrical chip-erase and repro-
gramming to conventional EPROM capability. A full chip
erasure takes 1 second with 100fts byte-program times and
4 seconds for full chip programming. These features make
flash memories an attractive non-volatile memory option.
Additional information on these devices appears in Ap-
pendix A, "A Primer on Flash Memory," guest written by
Saul Zales of Intel Corporation.

R1 R2
10.7k 1.24k
11.5k 1.24k

RESISTOR
TOLERANCE

1%
0.1%

VppOUT
12.0V
12.75V

These devices require carefully controlled, high voltage
programming power. A typical unit, the Intel 28F010 1
megabit flash memory, specifies Vpp (VPROGRAMPOWER)
pulses of 12V±O.6V or 12.75V±O.2V, depending on part
type. VPP excursions beyond 14V (for 20ns or longer) will
destroy the ETOXt process based device. Reliably
generating such pulses in a 5V powered digital system
involves several analog issues. High voltage must be
derived and controlled within the tight tolerances noted
(see Appendix B for an expanded discussion of this topic).
Additionally, it is desirable to control the high voltage
pulses from a 5V logic command.

Basic Flash Memory Programming Voltage Supply

Figure 1's circuit meets almost all flash memory VPP re-
quirements. When the VPP command goes low (Trace A,
Figure 2) the LT1072** switching regulator drives L1, pro-
ducing high voltage. DC feedback occurs via R1 and R2,

'I suppose it's not all that bad. Some of my best friends are digital
circuits. If I had a daughter, I'd even consider letting her go out with one.

tETOX is a trademark of Intel Corporation.

"See Appendix C and References for detailed information on the mon
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with AC roll-off controlled by C1 and R3-C2.The result is a
smoothly rising Vpp (Trace B) which settles to the required
value. The specified R1values allow either 12.0Vor 12.75V
outputs. The 5.6V zener permits the output to return to OV
when the Vpp command goes high. It may be deleted in
cases where a 4.5V minimum output is acceptable or de-
sirable (see Intel 28F010 datasheet). Precision resistors
combine with the LT1072's tight internal reference to elim-
inate circuit trimming requirements. Alternately, 1% resis-
tors and a trimmer may be used. Additionally, this circuit
will not spuriously overshoot during power-up or down,
preventing memory destruction. Figure 3's table details
circuit changes permitting higher power outputs. The syn-
chronous switch option can be used to eliminate the zener
and its attendant power dissipation.

High Repetition Rate Vpp Programming Supplies

Figure 1's repetition rate is limited because the regulator
must fully rise and settle for each Vpp command. Figure
4's circuit serves special cases which require higher
repetition rate. Here, the switching regulator runs continu-
ously, with the Vpp generated by the A1-A2100p. If desired,
the Vpp lock line can be driven, shutting down the regula-
tor to preclude any possibility of inadvertent Vpp outputs.
When Vpp lock goes low (TraceA, Figure 5) the LT1072100p

MJE370
TO MUR120 CATHODE~ TO OUTPUT CAPACITOR

TO+5V~
680

OUTPUT
CURRENT COUT REGULATOR INDUCTOR ZENER

400mA 200~F LT1071 PE·52645 lN5339A
or

Synchronous
Switch Option

800mA 400~F LT1070 PE·51516 lN5339A
or

Synchronous
Switch Option

comes on (Trace B), stabilizing at about 17V.2 pole com-
pensation ensures a clean rise time. Pulling the Vpp com-
mand line low causes the 74C04 (Trace C) to bias the
LT1004reference. The LT1004clamps at 1.23V with A1 and
A2 giving a scaled output (Trace D). The 680pF capacitor
controls loop slewing, eliminating overshoots. Figure 6
details the Vpp output. Trace A is the 74C04 output, with
Trace B showing clean Vppcharacteristics.

• 10 F L1*" e 150eH

74C04
OR

EQUIVALENT
Vpp

COMMAND
.

100eF

T
Vpp OUTPUT
150mA MAX

RESISTOR
VppOUT R1 R2 TOLERANCE
12.0V 10.7k 1.24k 1%
12.75V 11.5k 1.24k 0.1%



As in Figure 1, spurious Vpp outputs are suppressed dur-
ing power-up or down. The LT1010provides 150mA drive
(5 28F010's) and short circuit protection. The diode path
around the LT1010 prevents destructive overshoot when
the circuit is recovering from output shorts. The diode at
A1's input clips excessive negative voltages due to the
680pF unit's differentiated response. Figure 7's circuit is
similar to Figure 4's, except that the LT1010has been re-
placed with a discrete power output stage, Q2-Q3.Q3 fur-
nishes up to 800mA (26 28F010 memories), with Q2 used
for current limiting. The feedback values have been in-
creased, preventing Q2's collector current from causing
excessive heating in the grounded resistor. This could
occur during prolonged short circuit conditons. The feed·
back capacitor is re-established accordingly. The circuit's
AC dynamics, including a glitchless short circuit recovery,
are identical to Figure 4.

Figure 5. Operating Details of High Repetition Rate Flash
Memory Programming Supply

Figure 6. Expanded Scale Display of Figure 4's Vpp Output.
Controlled Rise Time Eliminates Overshoots

Application Note 31

In some systems high voltage is already available. In such
cases the LT1070/72 circuitry may be deleted from Figures
4 and 7.

A good question might be: "Why not set the switching
regulator output voltage at the desired Vpp level and use a
simple low resistance FET or bipolar switch?". In theory,
this approach will work. In practice, transmission line
effects in printed circuit trace runs may cause memory
destroying overshoots. Appendix B, "Preventing Memory
Destruction," details this phenomenon.

74C04
OR

EQUIVALENT

Vpp
COMMAND

RESISTOR
TOLERANCE

1%
0.1%

Vpp OUT
12.0V
12.75V

R1 R2
107k 12.4k
115k 12.4k
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Vpp Handshake Circuit

Both Vppcircuits shown require a small waiting period for
the regulator to settle before proceeding with a Vppopera·
tion. In almost all circumstances this is acceptable, but
some situations may require verification that Vpp is within
tolerance before pulsing begins. Figure 8's circuit, used in
conjunction with either Vppcircuit, gives a handshake out·
put when Vpp has settled. This simple circuit works by
comparing the Vppoutput against the known LT1004refer·
ence voltage. The resistor values given allow for possible
variations in Vpp voltage due to component tolerance
stack-up. When this circuit is in use, the output of the Vpp
generator circuit should be set within 0.4% of nominal
value. This can be done by trimming, or using 0.05% resis-
tors in place of the 0.1% units specified.

12.00VVpp-<
PULSE

12.75V

EEPROM Vpp Pulse Generator

EEPROMsdo not offer the advantages of flash memories,
but are sometimes used. Their Vpp pulse requirements
have commonalities with flash types. The 2816 specifies
21V± 1VVppamplitude with a maximum allowable voltage
of 22.5. A special EEPROM stipulation is that the Vpp
pulse must have a 600ils rise time. Figure 9's circuit meets
these requirements. The LT1072generates the high volt-
age while A1 and A2 form the actual Vpp pulse. With the

EraselWrite lock line low (TraceA, Figure 10),the mon is
in standby; no high voltage is produced and there is no cir-
cuit activity. Under these conditions the Vppoutput line is
pulled towards + 5V via the 1N914 diode (see 2816 data·
sheet for details). When the EraselWrite lock line (Trace A,
Figure 10)goes high, the regulator output (Trace C) builds
smoothly and regulates at 25V. The 2 pole mon com·
pensation allows the regulator output to rise relatively
quickly. When the Vpp command line (Trace B) is pulsed
high, the LT1004reference clamps at 1.23Vand the RCnet·
work delivers a 600ils edge to A1's input. A1combines with
power buffer A2 and the feedback resistors to produce a
21V pulse at the Vppoutput (Trace D).Trace E is a time and
amplitude expanded version of this pulse. The 600ils RC
rise time condition is met, with the 21V amplitude assured
by the LT1004reference and closed loop operation. When
the Vppcommand goes low, the Vppoutput returns cleanly
to 4.5 V. The diode path speeds recovery of the 0.00511F
capacitor at A1's input. A2 provides a 150mA (ten 2816
EEPROMs) output with short circuit protection. As in
Figure 4, a diode path around the LT1010 prevents over·
shoot when the circuit is recovering from output shorts.
When the EraselWrite lock line returns low, the regulator
output decays towards zero. As with the other Vppcircuits,
this design does not produce undesired outputs during
power-up or down.

5V Powered 4-20mA Current Loop Generator

Figure 11's circuit also employs voltage step-up, but for a
different purpose. Transmission of industry standard
4-20mA current loop signals to valves and other actuators
is a common requirement. Resistive line losses and actua-
tor impedances require current transmitters to be able to
force a compliance voltage of at least 20V. Because of
this, 5V powered systems usually cannot meet current
loop transmitter requirements, but Figure 11 shows a way
to do this. This 5V powered circuit utilizes a servo con-
trolled DC·DC converter to generate the compliance volt-
age necessary for loop current requirements. It will drive
4-20mA into loads as high as 22000 (44Vcompliance) and
is inherently short circuit protected. Its digital inputs per-
mit easy interface to digital systems.



LT1072

Vc GNO FB

ERASE/WR!TE
LOCK '="1N914

1k

T01"F

1N914

1N914 10kVpp
COMMANO

1k LT1004
1.2V

'="

The AD558 8 bit D-A converter receives the circuit's dig-
ital inputs, producing a 2.56V full-scale output. A1's posi-
tive input voltage is determined by the D-A output and
the 4mA trim network output. A1's output biases the
LT1072's Vc pin. This forces the switching regulator to run
at the output voltage necessary to balance A1's inputs.
The feedback path for this action is through the load,
across the 750 resistor and back to A1's negative input.
The 2400-0.05IlF combination stabilizes the loop. The 7.5V
zener permits regulator output down to OV.The resistors
connected to the LT1072's feedback (FB) pin prevent cir-
cuit output from running away in the event the load opens
up. Normally, A1 controls the loop, forcing the LT1072 to
produce the voltage required to maintain the D-A direct-
ed current through the load. If the load opens, A1 receives
no feedback, but the FB pin becomes active at 1.2V, fore-

C ~20V/OIV
O=20V/OIV

ON 4.5Voc LEVEL

ing the loop to close locally around the LT1072. In this
fashion the circuit automatically crosses over from a cur-
rent to a voltage regulator, preventing excessive output
voltages from occurring.
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Figure 12 details m072 operation under normal condi-
tions. Trace A is VSWITCHpin voltage, while Trace Bin-
dicates its current. Trace C, the MUR120 diode current,
clearly shows the switched packets of energy delivered to
the 22JlFoutput capacitor. The resultant output ripple volt-
age (TraceD)measures only 25mV at the load.

Figure 13 catches circuit output at the instant a load open
has occurred. Normal current mode operation ceases just
past the third vertical division. The" +" output line heads
positive until the m072 FB pin rises to 1.2V.At this point
Uust past the 6th vertical division), the m072's internal
feedback amplifier activates, causing local loop closure
and regulating the output at about 57V. The non-linear
slew characteristic is due to A1's feedback capacitor re-

+ LOAD
_ (lOUT ~ 4-20mA

44V COMPLIANCE)

L 1 = PULSE ENGINEERING WPE·52645
- = 1% METAL FILM RESISTOR

•• =0.1% METAL FILM RESISTOR

Figure 11. 5V Powered, Digitally Controlled 4-20mA Current Loop
Generator

strained response. Once A1's output rails, slew increases
to a limit imposed by L1, the 22JlFoutput capacitor and the
m072's 40kHz switching rate.

To trim this circuit, connect any load below 2kOand set all
DAC bits low. Adjust the 4mA trim for O.300Vacross the
750 resistor. Next, put all DAC bits high and set the 20mA
trim for 1.500Vacross the 750 resistor. Repeat this proce·
dure until both points are fixed.

AC Line Dropout Detector

Digital systems driven from the AC line often require
power dropout detection. Fast AC line dropout detection
allows a memory store command to be issued before DC

C = 200mA/DIV

D=0.05V/DIV
AC COUPLED

Figure 13. Open Load Characteristics for Figure 11's Current
Source. LT1072 Crosses over into Constant Voltage Mode at 57V



power falls. Figure 14's circuit detects AC dropout by con·
necting an optoisolator across the power transformer's
rectified secondary. Normally, the AC line (TraceA, Figure
15)turns on the LEDevery 8ms (1/2cycle of the line), caus·
ing the output transistor to reset the O.01IlF capacitor
(Trace B). When the line drops out, the capacitor charges
via the 33k resistor. The resultant ramp voltage is com·
pared by C1A to a + 5V supply derived reference. In this
case, the 2k·3k resistors bias C1A to go low (TraceC)with·
in one cycle of AC line dropout. Typically, the DC regulator
will supply 50ms-100ms of hold·up before it begins to sag.

AC INPUT
FROM

TRANSFORMER
SECONDARY

This hold·up period, which should be verified in any indio
vidual application, permits adequate time to execute a
memory store operation. C1B serves as a final warning
that power failure is imminent. It goes low when the 5V
regulator input drops below the threshold set by the se·
lected resistor shown on the schematic. This value should
be chosen so that C1B trips when the regulator input ap·
proaches its specified dropout voltage.

SELECT
(SEE TEXT)

56k'
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Memory Save Circuit

Figure 16 is another circuit for saving memory contents
when power goes down. This DC sensing circuit is useful
where AC line dropout detection is not feasible. It func-
tions by utilizing the different dropout voltages of two
regulators. In operation, the LT1086supplies 5V power to
the main system, while the LT1020drives the memory sec-
tion. When input power, which could be from a battery or
filter capacitor, falls (Trace A, Figure 17)the LT1086drops
out first (Trace B). This is detected by the LT1020's on-
board auxiliary comparator, which goes low (TraceC).This
alerts the memory section to store data. The LT1020
regulator output (Trace D) maintains memory power for
additional time due to its extremely low dropout charac-
teristics. It finally begins to fall about 50ms after the
memory store command. The optional connections shown
allow extended hold up times.

1N5817f--

10011

__ 3 V,N

OPTIONAL -=-
8ATTERY :

HOLo·UP 1

Overvoltage Protection Circuit

Figure 18's circuit represents the other extreme in power
supply protection. It prevents system damage due to over-
voltage produced by regulator failure. If the regulator fails
in a way which effectively connects the raw DC supply to
the 5V rail, overvoltage will occur. This failure mode is
possible if the pass transistor shorts or the feedback loop
opens up. C1A compares the 5V supply (TraceA, Figure 19)
to the LT1004reference via a resistive divider. If the supply
rises beyond 5.5V (rise starts just past the first vertical
division), C1A's output goes high (Trace B), turning on the
SCRvia Q1. SCR current (TraceC) peaks at almost 6A as it
"crowbars" the supply, blowing the downstream fuse. C1B
simultaneously pulls the supply feedback node low, ensur-
ing minimum pass transistor on-resistance if the overvolt-
age is due to feedback or error amplifier malfunction.
About 5JLs elapses from the time the supply peaks (5.5V)
until it begins to shut down. In this case the maximum
overvoltage is 5.7V.The 4.3k-1.2k resistor string ratio can
be altered for different trip values, and the optional filter
used to suppress transients. Note that the LT1018's 1.2V
minimum supply voltage combines with the diode in the
SCR's gate to eliminate false tripping on power-up.

5V TO
SYSTEM
POWER

MEMORY
STORE

5V TO
MEMORY
POWER

A=0.5V/oIV
ON 7.5V LEVEL

8=1V/oIV
ON 5V LEVEL

C=5V/oIV

o=lV/oIV
ON 5V LEVEL

Figure 17. Differential Dropout Between Regulators Provides a
Memory Store Pulse and Power Hold·Up
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Power·On·Reset Generator

Another power related requirement involves generating
a system reset pulse after supply turn·on. When supply
power is applied to Figure 20, the 5V rail comes up
(TraceA, Figure 21).The LT1004clamps at 1.2Vand C1A's
positive input (Trace B) ramps at a time constant
determined by the 0.5% resistors and the 0.11lFcapacitor.
When C1A's positive input ramps beyond the LT1004po·
tential, its output goes high, delivering a differentiated
pulse to C1B's negative input (Trace C). C1B's output
(Trace D) goes low for a period determined by the 0.01IlF·
680k differentiator. This pulse is used for system
reset. The 1N914 gives quick reset for the 0.11lF de·
lay capacitor and the Schottky diode clip's differentiator

caused negative voltages at C1B's input. The turn·on
threshold, in this case 4.8V,is set by the ratio of the 0.5%
resistors. The output pulse delay time is controlled by the
0.11lFunit, which may be varied. Similarly, the RCcombina-
tion at C1B sets output pulse width, and may be varied.
The LT1018's1.2Vminimum supply voltage prevents spuri-
ous output during supply power-up.

"Watchdog" Timer Circuit

Figure 22's circuit is not for power supply management,
but serves to prevent lock·up in processor based systems.
This can occur if the system misses an instruction due to
transient hardware or software events. Such a processor
hang-up will usually cause predictable cessation of pulse
events somewhere in the system. This circuit issues are·
set command in response to such a cessation. In normal
operation, a pulse train (TraceA, Figure 23)appears at the
circuit input, causing C1A's output (Trace B) to pulse low.
The diode path discharges the 0.011lFcapacitor (Trace C)
each time C1A's output goes low. Interruption of the input
pulse train (after the 7th vertical division) allows the
capacitor to charge beyond C1B's threshold, triggering it
low. This pulse can be used to reset the system. C1B's
negative input RC values may be adjusted to accommo·
date various input pulse train repetition rates.
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Clock Circuits

Almost all digital systems require a clock source. Generat-
ing accurate and reliable clock pulses usually involves
quartz based circuits. Figure 24's two circuits cover a
1MHz-25MHz range. In Figure 24A, the LT1016comparator
is set up with DC negative feedback. The 2k resistors set
the common-mode level at the device's positive input.
Without the crystal, the circuit may be considered as a
very wideband (50GHzGBW) amplifier biased at 2.5V.With
the crystal inserted, positive feedback occurs and oscilla·
tion commences. Figure 24A is useful with AT-cut funda·

Figure 21. Power·On·Reset Pulse is Generated after Supply
Stabilizes

Figure 23. "Watchdog" Drops Low (Trace D) when Pulse Train
Ceases

mental mode crystals up to 10MHz. Figure 24B is similar,
but supports oscillation frequencies to 25MHz. Above
10MHz, AT-cut crystals operate in overtone mode. Be·
cause of this, oscillation can occur at multiples of the de-
sired frequency. The damper network rolls off gain at high
frequency, ensuring proper operation.

Figure 25's circuit is also similar, but optimized for lower
frequency crystals. C1A is the oscillator, with C1Band 01
used as a sink-source buffer if desired. These circuits also
operate with lower cost and lower performance ceramic
resonators substituted for the crystal.
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High Noise Immunity Line Synchronous Clock

Although crystal based circuits are universally applied,
they cannot serve all clock requirements. As an example,
many systems require a reliable 60Hz line synchronous
clock. Zero crossing detectors or simple voltage level de·
tectors are often employed, but have poor noise rejection
characteristics. The key to achieving a good line clock un·
der adverse conditions is to design a circuit which takes
advantage of the narrow bandwidth of the 60Hzfundamen·
tal. Approaches utilizing wide gain·bandwidth, even if hys·

teresis is applied, invite trouble with noise. Figure 26
shows a line synchronous clock which will not lose lock
under noisy line conditions. The basic RC multivibrator is
tuned to free run near 60Hz, but the AC·line·derived syn·
chronizing input forces the oscillator to lock to the line.
The circuit derives its noise rejection from the integrator
characteristics of the RC network. As Figure 27 shows,
noise and fast spiking on the 60Hz input (TraceA, Figure
27) has little effect on the capacitor's charging charac·
teristics (Trace B) and the circuit's output (Trace C) is
stable.
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1. 28F010 1Mb Flash Memory - Datasheet, Intel
Corporation

2. 28F256 256K (32Kx 8) CMOS, Flash Memory -
Datasheet, Intel Corporation

3. Zales, S., Ebert, D., "Using the 28F256 Flash Memory
for In·System Reprogrammable Storage", Application
Note - AP-316,Intel Corporation

4. 2816 16K (2Kx 8) Electrically Erasable PROM -
Datasheet, Intel Corporation

5. Linear Technology Corporation, LT1070/LT1071/LT1072
Data Sheets

6. Nelson, C., "LT1070 Design Manual," Application Note
19,LinearTechnology Corporation

7. Williams, J., "Switching Regulators for Poets," Ap-
plication Note 25, Linear Technology Corporation

8. Williams, J. and Huffman, B., "Some Thoughts on DC-
DC Converters," Application Note 29, Linear Technolo-
gy Corporation

9. Williams, J., "Circuit Techniques for Clock Sources,"
Application Note 12,Linear Technology Corporation

10. Matthys, R., "Crystal Oscillator Circuits," Wiley-
InterscienceFigure 27. Line Synchronization is Maintained Despite Noisy

Input

Note: This application note was derived from a manuscript originally prepared for publication in EON magazine.

APPENDIX A
A Primer on Flash Memory
Saul Zales
Intel Corporation

High integration, supported by dense memory, is the key
to compact, reliable firmware-based equipment. These
products often need post·sales update service for the lat·
est software revisions. While providing high density,
EPROMsare costly to update. Equipment must be disman-
tled, either to UV-erase and then reprogram the EPROMs
or to replace them with new ones. This takes at least 15
minutes of a technician's time. Double that if you wait for
UV erasure. In contrast, flash memories allow repro-
gramming "in-system" - in seconds. They are not dis-
carded as EPROMs often are. The simplicity and speed of

the update process yields even bigger savings. Thus, flash
memory technology dramatically reduces firmware update
costs in EPROMapplications.

Non-volatile memory history illustrates flash memory
technology's utility. EPROM gave users more control over
their code than with ROM by moving the memory coding
operation from component purchasing to factory assem·
bly. Similarly, flash technology extends this flexibility. In
the factory, it allows multiple test code programming dur-
ing a single board·testing step. Testing enhances product
quality while reducing rework and warrenty repair costs.



Beyond the factory, flash technology provides the highest
level of code management functionality. Though E2pROM
has more functions, its characteristics best suit parame-
ter, as opposed to code, storage. Parameters need to be
rewritten individually in real time, that is, while the system
is on·line, in normal operation. Parameters also require
less memory than code. E2pROMtrades off density for the
byte-alterable functionality needed for parameter storage.

In contrast, flash memories ideally match embedded code
needs. Even if only one line of code needs modification, an
entirely new microcomputer program results. Software up-
dates are done as a complete copy for simple code verifi-
cation. This ensures error·free updating. Flash memory
technology mirrors this process with its full·chip erase
characteristics in a few seconds of off-line system time.

This framework for delineating non·volatile memory roles
is summarized in Figure At ROM, EPROM, and flash
memory handle large amounts of code, which is installed
or modified (excepting ROM) off-line, along an 'increasing
flexibility' scale. PPROM handles smaller amounts of on-
line·modified parameters.

The most powerful reprogramming method is In-System
Write (ISW). ISW eliminates external programming equip-
ment altogether. It facilitates updates through an existing
data communication channel, such as a modem. ISW util-
izes the embedded, local CPU for the flash memory device

PRODUCT FLOW

DATA COMMITMENT TIME

E2PROM USERS SAVE
MONEY USING DENSER
FLASH MEMORY FOR CODE.
E2PROM ONLY FOR
PARAMETERS
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reprogramming 'intelligence,' taking advantage of the off-
line nature of updates. The only new requirement for ISW
is providing a local programming power supply (Vpp),
either 12.0Vor 12.75V,depending on device specifications.
Intel's command register architecture drives reprogram-
ming control: 1) without extra device pins, 2) from a fixed
Vpp supply, and 3) using standard system read and write
timings (though some operations require millisecond-
range durations, they are initiated and terminated with
standard memory interface timings). See Figure A2 for
system block diagram.

Reliability

Intel's ETOXflash memory devices endure up to 10,000 re-
programming cycles, just like E2pROM, yet with EPROM·
like quality. The cycling advantage over E2pROMis derived
partly from lower·voltage operation. This reduces the elec-
tric field intensity across the tunnel oxide by about 2
megavolts per centimeter. Each MV/cm electric field re-
duction increases the device reliability lifetime by at least
one thousand (and as much as ten million) times.

In-System Write Minimizes Update Cost

• Local CPU Provides Programming Intelligence
• Flash Memory Stores Application Code and

Configuration Files
• Update from Floppy Disk or Remote Serial Link
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The common-source approach for erasure is another key
contributor. Unlike other E2pROMand flash technologies,
ETOX technology uses separate junctions for program
and erase which yields: 1)much lower oxide stress, and 2)
the ability to optimize the manufacturing process for both
program and erase performance and durability. Finally, cy-
cling and overall reliability of ETOX technology-based
products is enhanced by the tunnel oxide process
employed.

Intel specifies flash memory endurance to be less than
0.01% failures over 100cycles and 0.1% for 10,000cycles.
In contrast, E2pROMstypically specify 5% failure rates for
10,000cycles. Lifetime reliability testing of the data reten-
tion shows that ETOX technology meets or exceeds
EPROMreliability.

APPENDIXB
Preventing Memory Destruction

The 12Vor 12.75VVppsupplies used with flash memories
seem uncomfortably close to the devices 14V breakdown
limit. In actuality, the precautions required are similar to
overvoltage considerations for 5V rails. Excursions be-
yond 14Vfor durations longer than 20ns exceed the chip's
absolute maximum rating. As such, the design of Vpp
generating circuitry requires care to avoid seemingly
mysterious memory failures. Although this section uses
the 28F010 flash memory as an example, the considera-
tions are generally applicable to other type devices
(e.g.,2816).

In theory, a simple low loss transistor switching a low
impedance power supply will work. In practice, this is a
hazardous approach. Figure 81 shows an ideal Vpp pulse
produced by simple transistor switching from a power

supply. Settling to the desired Vpp level occurs quickly,
with no overshoots or abberations. Figure 82 shows the
same output measured at the memory pins after a printed
circuit trace run. The PCtrace looks like an unterminated
transmission line with ill-defined characteristics. Reflec-
tions occur, causing ringing which exceeds 20V. This is
well beyond specified destructive levels, and almost
guarantees chip failures. Similar overshooting on the
falling edge can cause equally destructive negative volt-
ages to appear at the memory pins.

These effects demonstrate the necessity for rise time con-
trol. The controlled edge times of the text's closed loop
circuits eliminate this problem. Some other features of
these circuits make them attractive. Short circuit protec-
tion is obviously desirable to protect the Vpp generator.
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More subtly, it also protects the memory. In an unpro-
tected Vppgenerator, the pass switch may fail in a shorted
condition. This will cause the memory to see destructive
overvoltage and fail. The short circuit protection must be
designed so that it does not cause overshoots when
operating or recovering from overload. For example, re-
moving A2's shunt diode path in text Figure 4 causes
dangerous overshoots on short circuit recovery.Figure B3
shows Vpp output recovery with the diode removed. In

Figure B4, the diode is installed and recovery is benign.
Similar considerations apply on power·up and down. The
Vpp generator must not produce spurious outputs during
power application or removal. In the text circuits, this is
facilitated by employing circuit techniques and ICs which
operate down to low voltages. This makes Vpp outputs
predictable and controllable during transient supply
conditions.

Short Circuit Recovery for Poorly (Figure 83) and Properly (Figure 84) Designed Connections. Figure 83's Overshoot on Recovery Can
Cause Memory Chip Failures

APPENDIXC
Physiology of the LT1070/LT10711LT1072

The LT1070series is a family of current-mode switchers
with switch duty cycle directly controlled by switch cur-
rent rather that by output voltage. Referring to Figure C1,
the switch is turned on at the start of each oscillator cycle.
It is turned off when switch current reaches a pre·
determined level. Control of output voltage is obtained by
using the output of a voltage-sensing error amplifier to set
current trip level. This technique has several advantages.
First, it has immediate response to input voltage varia-
tions, unlike ordinary switchers which have notoriously
poor line transient response. Second, it reduces the 90°
phase shift at mid·frequencies in the energy storage in-
ductor. This greatly simplifies closed loop frequency
compensation under widely varying input voltage or

output load conditions. Finally, it allows simple pulse-by·
pulse current limiting to provide maximum switch protec·
tion under output overload or short circuit conditions. A
low dropout internal regulator provides a 2.3V supply for
all internal circuitry on the LT1070.This low dropout de·
sign allows input voltage to vary from 3V to 60V with
virtually no change in device performance. A 40kHz os·
cillator is the basic clock for all internal timing. It turns on
the output switch via the logic and driver circuitry. Special
adaptive antisaturation circuitry detects onset of satura·
tion in the power switch and adjusts drive current in·
stantaneously to limit switch saturation. This minimizes
driver dissipation and provides very rapid turn-off of the
switch.
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A 1.2V bandgap reference biases the positive input of the
error amplifier. The negative input is brought out for output
voltage sensing. This feedback pin has a second function;
when pulled low with an external resistor, is programs the
LT1070to disconnect the main error amplifier output and
connects the output of the flyback amplifier to the com·
parator input. The LT1070 will then regulate the value of
the flyback pulse with respect to the supply voltage. This
flyback pulse is directly proportional to output voltage in
the traditional transformer·coupled flyback topology
regulator. By regulating the amplitude of the flyback pulse,
the output voltage can be regulated with no direct connec-
tion between input and output. The output is fully floating
up to the breakdown voltage of the transformer windings.
Multiple floating outputs are easily obtained with addi·
tional windings. A special delay network inside the LT1070
ignores the leakage inductance spike at the leading edge
of the flyback pulse to improve output regulation.

The error signal developed at the comparator input is
brought out externally. This pin (Ve) has four different
functions. It is used for frequency compensation, current
limit adjustment, soft·starting, and total regulator shut·
down. During normal regulator operation this pin sits at a
voltage between O.9V(low output current) and 2.0V (high
output current). The error amplifiers are current output
(gm) types, so this voltage can be externally clamped for
adjusting current limit. Likewise, a capacitor-coupled ex·
ternal clamp will provide soft·start. Switch duty cycle goes
to zero if the Vc pin is pulled to ground through a diode,
placing the LT1070in an idle mode. Pulling the Vc pin be·
low O.15Vcauses total regulator shutdown with only 50/lA
supply current for shutdown circuitry biasing. For more
details, see Linear Technology Application Note AN·19,
pages 4-8.



High Efficiency Linear Regulators

Introduction

Linear voltage regulators continue to enjoy widespread
use despite the increasing popularity of switching ap-
proaches. Linear regulators are easily implemented, and
have much better noise and drift characteristics than
switchers. Additionally, they do not radiate RF, function
with standard magnetics, are easily frequency compen-
sated, and have fast response. Their largest disadvantage
is inefficiency. Excess energy is dissipated as heat. This
elegantly simplistic regulation mechanism pays dearly in
terms of lost power. Because of this, linear regulators are
associated with excessive dissipation, inefficiency, high
operating temperatures and large heat-sinks. While lin·
ears cannot compete with switchers in these areas they
can achieve significantly better results than generally sup-
posed. New components and some design techniques per·
mit retention of linear regulator's advantages while
improving efficiency.

One way towards improved efficiency is to minimize the
input·to-output voltage across the regulator. The smaller
this term is, the lower the power loss. The minimum input-
output voltage required to support regulation is referred to
as the "dropout voltage." Various design techniques and
technologies offer different performance capabilities.
Appendix A, "Achieving Low Dropout," compares some
approaches. Conventional three terminal linear regulators
have a 3V dropout, while newer devices feature 1.5V
dropout (see Appendix B, "A Low Dropout Regulator Fam-
ily") at 7.5A, decreasing to O.05Vat 100flA.

Regulation from Stable Inputs

Lower dropout voltage results in significant power savings
where input voltage is relatively constant. This is normally
the case where a linear regulator post-regulates a switch-
ing supply output. Figure 1 shows such an arrangement.

Application Note 32

March 1989

The main output ("A") is stabilized by feedback to the
switching regulator. Usually, this output supplies most of
the power taken from the circuit. Because of this, the
amount of energy in the transformer is relatively un-
affected by power demands at the "B" and "C" outputs.
This results in relatively constant "B" and "C" regulator
input voltages. Judicious design allows the regulators to
run at or near their dropout voltage, regardless of loading
or switcher input voltage. Low dropout regulators thus
save considerable power and dissipation.

Figure 1. Typical Switching Supply Arrangement Showing linear
Post·Regulators
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Regulation from Unstable Input - AC Line Derived Case

Unfortunately, not all applications furnish a stable input
voltage. One of the most common and important situa·
tions is also one of the most difficult. Figure 2 diagrams a
classic situation where the linear regulator is driven from
the AC line via a step·down transformer. A 90VAC(brown·
out) to 140VAC(high line) line swing causes the regulator
to see a proportionate input voltage change. Figure 3
details efficiency under these conditions for standard
(LM317) and low dropout (LT1086) type devices. The
LT1086's lower dropout improves efficiency. This is par·
ticularly evident at 5V output, where dropout is a signif·
icant percentage of the output voltage. The 15V output
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comparison still favors the low dropout regulator, al·
though efficiency benefit is somewhat reduced. Figure 4
derives resultant regulator power dissipation from Fig·
ure 3's data. These plots show that the LT1086requires
less heatsink area to maintain the same die temperature
as the LM317.

Both curves show the deleterious effects of poorly con·
trolled input voltages. The low dropout device clearly cuts
losses, but input voltage variation degrades obtainable
efficiency.
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Figure 4. Power Dissipation for Different Regulators vs AC Line
Voltage. Rectifier Diode Losses are not Included.

Figure 3. Efficiency vs AC Line Voltage for LT1086and LM317
Regulators
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SCR Pre·Regulator

Figure 5 shows a way to eliminate regulator input varia·
tions, even with wide AC line swings. This circuit,
combined with a low dropout regulator, provides high effi-
ciency while retaining all the linear regulators desirable
characteristics. This design servo controls the firing point
of the SCR's to stabilize the LT10B6input voltage. A1 com-
pares a portion of the LT10B6'sinput voltage to the LT1004
reference. The amplified difference voltage is applied to
C1B's negative input. C1B compares this to a line syn·
chronous ramp (trace B, Figure 6) derived by C1A from the
transformers rectified secondary (trace A is the "sync."
point in the figure). C1B's pulse output (trace C) fires the

appropriate SCR and a path from the main transformer to
L1 (trace 0) occurs. The resultant current flow (trace E),
limited by L1, charges the 4700/LFcapacitor. When the
transformer output drops low enough the SCR commu·
tates and charging ceases. On the next half·cycle the
process repeats, except that the alternate SCR does the
work (traces F and G are the individual SCR currents). The
loop phase modulates the SCR's firing point to maintain a
constant LT10B6input voltage. A1's 1/LFcapacitor com·
pensates the loop and its output 10kO·diodenetwork en-
sures start-up. The three terminal regulator's current limit
protects the circuit from overloads.

L1 = PULSE ENGINEERING. INC. # PE-50503
L2 ~ TRIAD F-271U (TYPICAL)

• ~ 1% FILM RESISTOR

~=GE C-l068
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This circuit has a dramatic impact on LT1086efficiency vs
AC line swing'. Referring back to Figure 3, the data shows
good efficiency with no change for 90VAC-140VAC input
variations. This circuits slow switching preserves the lin-
ear regulators low noise. Figure 7 shows slight 120Hz
residue with no wideband components.

"The transformer used in a pre-regulator can significantly influence overall
efficiency_ One way to evaluate power consumption is to measure the ac-
tual power taken from the 115VAC line. See Appendix C, "Measuring
Power Consumption."

A=50V/OIV

B=10V/OIV

C = 50V/OIV

O=20VlOIV

E= 10A/OIV

F= 10A/OIV

G= 10A/OIV

L1 =PULSEENGINEERING. INC. #PE-52630
L2=PULSE ENGINEERING. INC. #PE-51518

P50N05E = MOTOROLA

DC Input Pre·Regulator

Figure 8A's circuit is useful where the input is DC,such as
an unregulated (or regulated) supply or a battery. This cir·
cuit is designed for low losses at high currents. The
LT1083 functions in conventional fashion, supplying a
regulated output at 7.5A capacity. The remaining compo·
nents form a switched-mode dissipation regulator. This
regulator maintains the LT1083 input just above the
dropout voltage under all conditions. When the LT1083in·
put (trace A, Figure 9) decays far enough, C1A goes high,

+
1000PF

T
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TO
REMAINING
CIRCUITRY

allowing 01's gate (trace B) to rise. This turns on 01, and
its source (trace C) drives current (trace D) into L2 and the
1000JlFcapacitor, raising regulator input voltage. When
the regulator input rises far enough C1A returns low, 01
cuts off and capacitor charging ceases. The MBR1060
damps L2's flyback spike and the 1M-47pF combination
sets loop hysteresis at about 100mV.

01, an N-channel MOSFET,has only 0.0280 of saturation
loss but requires 10Vof gate-source turn-on bias. C1B, set
up as a simple flyback voltage booster, provides about 30V
DC boost to 02. 02, serving as a high voltage pull·up for
C1A, provides voltage overdrive to 01's gate. This ensures
01 saturation, despite its source follower connection. The
zener diode clamps excessive gate-source overdrives.

V'N 12V~60
>-

~ 50
i 40

20

10

o
01234567

OUTPUT CURRENT (A)

Figure 10. Efficiency vs Output Current for Figure SA

These measures are required because alternatives are
unattractive. Low loss P·channel devices are not currently
available, and bipolar approaches require large drive cur-
rents or have poor saturation. As before, the linear regula·
tor's current limit protects against overloads. Figure 10
plots efficiency for the pre-regulated LT1083over a range
of currents. Results are favorable, and the linear
regulator's noise and response advantages are retained.

Figure 8B shows an alternate feedback connection which
maintains a fixed small voltage across the LT1083in ap-
plications where variable output is desired. This scheme
maintains efficiency as the LT1083's output voltage is
varied.
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L I = PULSE ENGINEERING. INC. # PE·52645
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10A Regulator with 400mV Dropout

In some circumstances an extremely low dropout regula-
tor may be required. Figure 11 is substantially more com-
plex than a three terminal regulator, but offers 400mV
dropout at 10A output. This design borrows Figure 8A's
overdriven source follower technique to obtain extremely
low saturation resistance. The gate boost voltage is
generated by the LT1072switching regulator, set up as a
flyback converter.' This configuration's 30V output
powers A1, a dual op amp. A1A compares the regulators
output to the LT1004 reference and servo controls 01's
gate to close the loop. The gate voltage overdrive allows
01 to attain its O.028!lsaturation, permitting the extremely
low dropout noted. The zener diode clamps excessive
gate-source voltage and the O.001JlFcapacitor stabilizes
the loop. A1B, sensing current across the O.01!lshunt, pro·

'If boost voltage is already present in the system, significant circuit simpli·
fication is possible. See LTC Design Note 32, "A Simple Ultra·Low
Dropout Regulator."

vides current limiting by forcing A1A to swing negatively.
The low resistance shunt limits loss to only 100mVat 10A
output. Figure 12 plots current limit performance for the
regulator. Roll-off is smooth, with no oscillation or undesir-
able characteristics.
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Ultra High Efficiency Linear Regulator

Figure 13 combines the preceding discrete circuits to
achieve highly efficient linear regulation at high power.
This circuit combines Figure 8A's pre·regulator with
Figure 11's discrete low dropout design. Modifications in·
clude deletion of the linear regulators boost supply and
slight adjustment of the gate·source zener diode values.
Similarly, a single 1.2Vreference serves both pre·regulator
and linear output regulator. The upward adjustment in the
zener clamp values ensures adequate boost voltage under
low voltage input conditions. The pre·regulator's feedback
resistors set the linear regulators input voltage just above
its 400mVdropout.

This circuit is complex, but performance is impressive.
Figure 14 shows efficiency of 86% at 1A output, decreas·
ing to 76% at full load. The losses are approximately
evenly distributed between the MOSFETs and the
MBR1060 catch diode. Replacing the catch diode with a
synchronously switched FET (see LTC AN·29, Figure 32)
and trimming the linear regulator input to the lowest
possible value could improve efficiency by 3%-5%.
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Micropower Pre·Regulated Linear Regulator

Power linear regulators are not the only types which can
benefit from the above techniques. Figure 15's pre·regu·
lated micropower linear regulator provides excellent
efficiency and low noise. The pre·regulator is similar to Fig·
ure 8A. A drop at the pre·regulator's output (pin 3 of the
LT1020regulator, trace A, Figure 16) causes the LT1020's
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A=50mV/DIV
lAC COUPLED)

B=10V/DIV

comparator to go high. The 74C04inverter chain switches,
biasing the P·channel MOSFETswitch's grid (trace B).The
MOSFETcomes on (trace C),delivering current to the induc·
tor (trace D).When the voltage at the inductor·220llF junco
tion goes high enough (trace A), the comparator switches
high, turning off MOSFETcurrent flow. This loop regulates
the LT1020'sinput pin at a value set by the resistor divider in
the comparator's negative input and the LT1020's2.5Vrefer·
ence. The 680pF capacitor stabilizes the loop and the
1N5817 is the catch diode. The 270pF capacitor aids com·
parator switching and the 2810 diode prevents negative
overdrives.

The low dropout LT1020 linear regulator smoothes the
switched output. Output voltage is set with the feedback
pin associated divider. A potential problem with this cir·
cuit is start·up. The pre·regulator supplies the LT1020's
input but relies on the LT1020's internal comparator to
function. Because of this, the circuit needs a start·up
mechanism. The 74C04inverters serve this function. When
power is applied, the LT1020sees no input, but the invert·
ers do. The 200k path lifts the first inverter high, causing
the chain to switch, biasing the MOSFETand starting the
circuit. The inverter's rail·to·rail swing also provides good
MOSFETgrid drive.
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The circuits low 40llA quiescent current is due to the low
LT1020drain and the MOS elements. Figure 17 plots effi·
ciency vs output current for two LT1020input·output dif·
ferential voltages. Efficiency exceeding 80% is possible,
with outputs to 50mA available.
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5. Williams, J. and Huffman, B., "Some Thoughts on DC-
DCConverters," LinearTechnology Corp. AN-29

6. Analog Devices, Inc., "Multiplier Application Guide"
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Achieving Low Dropout

Linear regulators almost always use Figure A1A's basic
regulating loop. Dropout limitations are set by the pass
elements on-impedance limits. The ideal pass element
has zero impedance capability between input and output
and consumes no drive energy.

~igure A1A. Basic Regulating Loop

Common
Emitter/Source

V1NyVOUT VINyvouT VINnrVOUT

VIN"""1......£"""VOUTVIN~VOUT Y
T T VINYf: , VOUT

VIN~Vy- OUT

-v
Figure A1B. Linear Regulator with Some Pass Element
Candidates

A number of design and technology options offer various
trade-offs and advantages. Figure A1B lists some pass
element candidates. Followers offer current gain, ease of
loop compensation (voltage gain is below unity) and the
drive current ends up going to the load. Unfortunately,
saturating a follower requires voltage overdriving the input
(e.g. base, gate). Since drive is usually derived directly
from VIN this is difficult. Practical circuits must either
generate the overdrive or obtain it elsewhere. This is not
easily done in IC power regulators, but is realizable in dis-
crete circuits (e.g. Figure 11). Without voltage overdrive
the saturation loss is set by Vbe in the bipolar case
and channel on·resistance for MOS. MOS channel on-
resistance varies considerably under these conditions,

although bipolar losses are more predictable. Note that
voltage losses in driver stages (Darlington, etc.) add di-
rectly to the dropout voltage. The follower output used in
conventional three terminal IC regulators combines with
drive stage losses to set dropout at 3V.

Common emitter/source is another pass element option.
This configuration removes the Vbe loss in the bipolar
case. The PNPversion is easily fully saturated, even in IC
form. The trade-off is that the base current never arrives at
the load, wasting substantial power. At higher currents,
base drive losses can negate a common emitter's satura·
tion advantage. This is particularly the case in IC designs,
where high beta, high current PNP transistors are not
practical. As in the follower example, Darlington connec-
tions exacerbate the problem. At moderate currents PNP
common emitters are practical for IC construction. The
LT1020/LT1120uses this approach.

Common source connected P-channel MOSFETsare also
candidates. They do not suffer the drive losses of bipolars,
but typically require 10Vof gate-channel bias to fully satu-
rate. In low voltage applications this usually requires
generation of negative potentials. Additionally, P·channel
devices have poorer saturation than equivalent size N-
channel devices.

The voltage gain of common emitter and source configura-
tions is a loop stability concern, but is manageable.

Compound connections using a PNPdriven NPNare a rea·
sonable compromise, particularly for high power (beyond
250mA) IC construction. The trade·off between the PNP
Vce saturation term and reduced drive losses over a
straight PNP is favorable. Also, the major current flow is
through a power NPN, easily realized in monolithic form.
This connection has voltage gain, necessitating attention
to loop frequency compensation. The LT1083·6regulators
use this pass scheme with an output capacitor providing
compensation.

Readers are invited to submit results obtained with our
emeritus thermionic friends, shown out of respectful
courtesy.
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A Low Dropout Regulator Family

The LT1083·6 series regulators detailed in Figure 81
feature maximum dropout below 1.5V. Output currents
range from 1.5A to 7.5A. The curves show dropout is signif·
icantly lower at junction temperatures above 25°C. The
NPN pass transistor based devices require only 10mA load
current for operation, eliminating the large base drive loss
characteristic of PNP approaches (see Appendix A for
discussion).

• INDICATES GUARANTEED TEST POINT
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In contrast, the LT1020/LT1120 series is optimized for
lower power applications. Dropout voltage is about O.05V
at 100JlA,rising to only 400mV at 100mA output. Quiescent
current is 40JlA.
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APPENDIXC

Measuring Power Consumption
Accurately determining power consumption often necess·
itates measurement This is particularly so in AC line
driven circuits, where transformer uncertainties or lack of
manufacturer's data precludes meaningful estimates. One
way to measure AC line originated input power (watts) is a
true, real time computation of E·I product Figure C1's cir-
cuit does this and provides a safe, usable output

BEFORE PROCEEDING ANY FURTHER, THE READER IS
WARNED THAT CAUTION MUST BE USED IN THE CON·
STRUCTION, TESTING AND USE OF THIS CIRCUIT. HIGH
VOLTAGE, AC lINE·CONNECTED POTENTIALS ARE PRE·
SENT IN THIS CIRCUIT. EXTREME CAUTION MUST BE
USED IN WORKING WITH AND MAKING CONNECTIONS
TO THIS CIRCUIT. REPEAT: THIS CIRCUIT CONTAINS
DANGEROUS, AC lINE-GONNECTED HIGH VOLTAGE PO·
TENTIJ,LS. U~,,,,,,EC=A=UT~IO=N:z....' --..1
The AC load to be measured is plugged into the test
socket Current is measured across the O.OHl shunt by
A1A with additional gain and scaling provided by A1B. The
diodes and fuse protect the shunt and amplifier against

severe overloads. Load voltage is derived from the
100k-4kn divider. The shunts low value minimizes voltage
burden error.

The voltage and current signals are multiplied by a 4 quad·
rant analog multiplier (AD534) to produce the power prod·
uct All of this circuitry floats at AC line potential, making
direct monitoring of the multipliers output potentially
lethal. Providing a safe, usable output requires a galvan·
ically isolated way to measure the multiplier output The
286J isolation amplifier does this, and may be considered
as a unity gain amplifier with inputs fully isolated from its
output The 286J also supplies the floating ± 15V power
required for A1 and the AD534. The 286J's output is reo
ferred to circuit common ( ~ ).The 281 oscillator/driver is
necessary to operate the 286J (see Analog Devices data
sheet for details). The LT1012and associated components
provide a filtered and scaled output A1B's gain switching
provides decade ranging from 20W to 2000W full scale.
The signal path's bandwidth permits accurate results,
even for non·linear or discontinuous loads (e.g. SCR chop-
pers). To calibrate this circuit install a known full scale
load, set A1B to the appropriate range, and adjust the trim·
pot for a correct reading. Typical accuracy is 1%.
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Converting Light to Digits:LTC1099 Half Flash 8-Bit AID Converter
Digitizes Photodiode Array

Automated pricing at the supermarket check out counter
has been around for years. A quick swipe across the bar
code reader produces funny beeping noises, and as quick·
Iy as you can say "laser," the product is priced. Bar code
readers are expensive since the AID's required conversion
time is usually too fast for inexpensive dual slope convert·
ers. This application note describes a Linear Technology
"Half Flash" AID converter, the LTC1099,being connected
to a 256 element line scan photodiode array. This tech·
nology adapts itself to hand held (Le. low power) bar code
readers, as well as high resolution automated machine in·
spection applications. Many FAX machines and page
scanners use photodiode arrays and AID converters to
transmit and/or store digitized data. For the esoteric at
heart, the photodiode array may be digitized and used in
astronomical applications such as star tracking.

The LTC1099includes an internal sample·and·hold (S/H).
This allows the AID to sample the individual elements (pix·
els) of the photodiode array at rates which maintain a·bit
accuracy to 156kHz. This is fast enough to allow good
throughput on machine vision or bar code scanner ap·
plications. Some video systems only require 6·bits of ac·
curacy; in these cases the sample rate can be 215kHz
(typical). Additional benefits may be derived from digital
signal processing, allowing machine vision systems to do
digital filtering, baseline correction, and correlated double
sampling.

Figure 1shows a block diagram of the system. The circuit,
timing and some of the optical constraints are detailed in
the following paragraphs.

LINE SCAN
PHOTODIOOE

ARRAY

ELECTRONIC SYSTEM DESIGN

Adding D/A to AID System Makes Troubleshooting Easy

Finding bugs in an AID system is never easy.When a pho·
todiode array is added, system integration problems
usually are very difficult to locate. In this application note,
an inexpensive 12·bit D/A converter configured to accept
only a·bits was included as a troubleshooting aide. This
D/A can be omitted in any final system design incorporat·
ing the LTC1099and a photodiode array.

The schematic diagram for the system is shown in Fig·
ure 2. The LTC1099(U3) is configured in WR·RD Mode
using the stand alone configuration. This allows the a·bit
digital output to be continuously input to a D/A. The ampli·
fied D/A output at U6, ®, is the reconstructed digital
signal. That is, this output represents the analog signal
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that has been digitized and then converted back to analog
by the D/A. This output allows the designer to directly
compare the system output to the analog output of the
photodiode array that is to be digitized.

As shown in Figure 2, the LTC1099(U3)drives the a-bit mi-
croprocessor bus and the D/A (U4).The current output of
the D/A is converted to an output voltage by U5, an LT1056

400kHz
XTAL
OSC
UlO

9 7

LOAO ENP
10 ENT
2 CLK
3 PO 74LS161
4 P1 U14
5 P2
6 P3

100PF

T

JFET input operational amplifier. U6, an LT1022,amplifies
and bandlimits the signal. Its output is 0 to 5V.

The system reference for the converters (both the AID and
the D/A) is an LT1019·2.5.This third generation bandgap
voltage reference provides the 2.5V reference for the
LTC1099(which actually may be used with references as
low as 1V)and the D/A.

4
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Figures 3 and 4 detail the AID converter's operation. Fig-
ure 3 shows the WR/RDYpulse from the clocking circuitry
(top trace~nd the analog output of the photodiode array
at point (J). See Appendix A for discussion of clocking
circuitry. The voltage output of the photodiode array is 256
"pulses" each of which represents the "exposure" of the
individual photodiode.lf a grating could be fabricated con-
sisting of 128 black lines separated by 128 transparent
spaces, and this grating could then be placed over the
photodiode array with the proper magnification, the out-
put pulses would represent alternating full scale and zero
analog levels. Figures 3 and 4 show the analog and recon-
structed digital outputs from a few pixels of the "evenly il·
luminated" array. Figure 3 details the timing required of
the LTC1099.The falling edge of the WR/RDY pulse ini-
tiates the conversion cycle of the LTC1099.As seen in the
timing diagram, Figure 5, the analog input must be a sta-
ble 130ns before the falling edge of WR/RDY occurs.
Approximately 110ns after the falling edge, the internal
sample·and-hold goes to hold mode and the analog input
is ignored until the next conversion cycle. Figure 3 shows
how this timing cycle is used to sample the output of the
photodiode array.

The circuit as shown in Figure 2 allows easy interfacing to
a microprocessor. The microprocessor system may con-
tain, for example, a ROM with bar codes stored as they

BODOM-ANAlOG OUTPUT
FROM PHOTO DIODE
ARRAY (lV/CM) (j)

TOP-OUTPUT FROM
D/ A IllUSTRATING
PROPER DIGITIZATION ®

BOTTOM-INPUT TO
lTC1099 A/D FROM
PHOTO DIODE ARRAY
THRU lTl022 BUFFER (j)

would appear when scanned optically and digitized. When
an item is scanned, the microprocessor can compare
(called a digital correlation) the scanned code to the
stored codes and decide which product is being scanned.

Optical

The line scan array used in this application was an EG&G
Reticon RL0256G photodiode array.* The array contains
256 photodiodes (also called pixels for "picture ele-
ments") on 251lmcenters. See Figure 6 for more details.
The device contains a row of silicon photodiodes, each
with an associated storage capacitor on which to inte-
grate photocurrent, and a multiplex switch for periodic
readout. Readout is accomplished by an integrated shift
register scanning circuit. A TTL clock is required for out-
putting the row of photodiodes to the output pin. A row of
dummy photodiodes (photodiodes that have an opaque
covering) is simultaneously read out with the active pho·
todiodes to allow cancellation of multiplex switching tran-
sients. This array allows resolution to 251lmwith standard
optical techniques.

"The author would like te thank Mike Satterlund, Tom Silvey and Kevin
Heher at EG&G Reticon for technical assistance with the Reticon part.

DATA STABLE
240n,

',HWR = DELAY FROM \VA I TO iNT, = 240n, TYP
Ip=DElAY BETWEEN CONVERSIONS = 700n, TYP

'CWR=CDNVERSION T1ME=2.5"' TYP
tacco=DELAY TIME \ViiI TO NEW DATA VALlD=ICWR+40n, TYP
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Medium speed photodiode arrays have become inexpen-
sive in recent years and, when connected to a "Half
Flash" AID converter like the LTC1099,provide an elegant,
inexpensive solution to supermarket pricing, inventory
control and other bar coding applications.

In the schematic of Figure 2 the photodiode array is shown
as U1. It is clocked by a single phase TIL clock and asso-
ciated driving signals which will be described later. The
output of the array is a train of 256 charge pulses for each
of the video and dummy video lines. The pulses on the
dummy line contain switching transients only while those
on the video line contain switching transients plus the
video signal. The LT1022FET input operational amplifier
shown as U2 is used as a differential current amplifier. The
output (as shown, for instance, in Figure 3) is a pulse
whose peak amplitude has been scaled to a reasonable
voltage (here it is 2.5V)to drive the AID converter. Note that
if the photodiode array amplifier (U2) is located any dis-
tance (greater than 3") from the AID converter, a coaxial
cable should be used to interconnect the two.

Figure 4 (bottom trace) shows a series of pulses output
from operational amplifier U2. It is necessary to sample
each pulse on the "flat top" to provide an accurate analog

signal to the AID converter. The top trace of Figure 4 is the
reconstructed analog signal through the AID-D/A chain,
the test output. Note that it nicely follows the tops of the
analog photodiode pulses (it is delayed one clock pulse).

The ease with which the AID may be interfaced to a micro-
processor and its speed makes the use of "baseline cor·
rection" easy. Baseline correction is an often used
technique with photodiode arrays where the baseline or
"dark" value of each photodiode is stored in memory. At
power on, the dark value of each photodiode, or 256 indi-
vidual a·bit values are stored in memory. This allows the
user greater dynamic range than by simply using an aver-
age of all the photodiodes "dark" values. The AID
converter's 156kHzmaximum sampling rate allows the mi-
croprocessor to do baseline correction rapidly with little
system "overhead."

Optical to Digital System Response

The photodiode array is clocked from the clocking cir-
cuitry as shown in the boxed section of Figure 2. U4, the
D/A and operational amplifiers U5 and U6 provide a digi·
tally reconstructed analog output which should closely re-
semble the analog pulse amplitudes at point (J).

APERTUREI,oo/XXX>t\RESPONSE
o •DISTANCE
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Figure 7 shows the systems response to placing an optical
grating directly on the glass window which covers the pho-
todiode array. The bottom trace is the analog output from
operational amplifier U2-point ill. The top trace is the
output of the D/A taken at point@. The Iinewidths that ap-
pear as "notches" in the traces are (from left to right): 400,
350,300,250 and 200/Lm (millionth of a meter).Similarly, Fig-
ure B shows the response to Iinewidths of 200, 150, 100,90
and BO/Lm(from left to right in the photo). As before, the top
trace is the output of the D/A taken at point ®, while the
bottom trace is the analog output from operational ampli-
fier U2 - point (j). It should be noted that this crude
system only illustrates the power of the optical to digital
concept. For an optimized system uniform illumination is re-
quired and a good optical system is needed to properly im-
age the item to be inspected onto the line scan photodiode
array.Some thoughts on an optical system are described in
Appendix B.

TOP-DAC OUTPUT AT
POINT ® (2V/CM)

1
BonOM-ANALOG OUTPUT AT

POINT (j) (IV/CM)
L1NEWIDTHS SHOWN:
400","
350","
300","
250","
200","
(LEFT TO RIGHT)

1;= INTEGRATION TIME
OF PHOTODIODE ARRAY.
(EXTERNALLY SET BY
CLOCKING)

The designer must be aware of the integration time of the
photodiode array. Integration time is analogous to the
shutter speed of a film camera. The longer the shutter is
open, the more light is collected onto the film media, and
hence the darker the film will be. Figure 9 shows two
scans of the photodiode array. The integration time of the
photodiode array or the "exposure time" is equivalent to
the time between start pulses. Figure 9 shows the integra-
tion time to be about 6.4ms. This is not a fixed parameter,
but varied by the settings of the DIP switches connected
to U13, U14 and U15. It is recommended that integration
times not exceed approximately 40ms (at room tempera-
ture) to prevent integrated dark current (the leakage cur·
rent that flows in photodiode that is not illuminated) from
making a significant contribution to the output charge.
Cooling of the photodiode sensor may be used (as is al-
ways the case in astronomical applications) to lower the
dark current and therefore allow an increase in integration
time.

TOP-OAC OUTPUT AT
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1
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Clocking Circuitry

The boxed section of Figure 2 details the clocking circuitry
required to drive the photodiode array. There is nothing
very unusual about the simple TIL circuitry required to
drive the array. The clock signals are obtained from U10, a
crystal oscillator. Counters U13 through U15 and the DIP
switches set the number of clock periods between start
pulses to any value up to 4096.This is the integration time,
as described previously. The variable low pass filters (pots
and capacitors) before the three sections of U12 allow
delaying of the clocking signals to ensure that all the
signals occur in the proper sequence. Figure A1 shows the
reset pulse for the photodiodes (toel ®, the AID
WR/RDY pulse (starts AID conversion) (9 and the clock
signal from the crystal oscillator CD

2 x CLOCK AT POINT ®
TOP-O.5V/CM x 10=(5V/CMj

MIOOLE- @) A/O CLOCK (5V/CMj

BonOM- CD O.1V/CM x 10=(1V/CMj
PHOTOolOoE ANALOG OUT

Figure A2. AID "Convert" Signal
Clock and Diode Array Output
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5..ll.ureA2 details: the 2 x clock to the photodiode array at
®' the AID clock at CD and the analog photodiode out·
put at 0. Figure A3 shows the photodiode reset pulse
signal at ® along with the 2 x clock at ® and the AID
clock signal ateD.

Figure A4 shows the start pulse and the analog CCD
output.

Note that for those intending on prototyping this circuitry,
the EG&G Reticon data sheet on the RL0256G array is an
absolute necessity to set up proper timing signals.

2 x CLOCK AT POINT ®
TOP-O.5V/CM xlo=(5V/CM)

MlooLE- @) A/o CLOCK (5V/CMj

Figure A4. Start Pulse and Diode
Array Output



Optical System Design

Optical system design is a complex subject in which one
may obtain a Ph.D. In lieu of this option, Figure B1 shows
in rough form the top view of an imaginary tin can inspec-
tion system. Lens A and lens B are two cylindrical lenses
rotated 90 degrees from each other. Lens A as shown in
the example system takes the columnated illumination
and produces a line into the paper. When an object inter·
rupts the illumination, the line imaged onto the photodi-
ode array to be dark. In this way height can be measured.

Similarly, using lens B, a line of illumination may be
formed parallel to the paper. When an object interrupts

CANS OF
CHEESE
BALLS

this illumination, a dark line is imaged onto a second pho-
todiode array. In this way width may be measured.

Note carefully here, that we have not covered the issues
of image magnification/demagnification. Obviously, an
object 6 inches in height and 1 inch in width needs to be
demagnified to fit the constraints of the photodiode aper-
ture. These issues are beyond the scope of this Applica-
tion Note."

"See for example:
Jenkins and White, "Fundamentals of Optics," McGraw Hill Book Co., NY,
NY 1976
Hecht and Zajac, "Optics," Addison-Wesley Publishing Co., Reading,
MASS Dec. 1976
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LTC1099 Enables PC Based Data Acquisition Board
to Operate DC-20kHz
A "C" Cruise through Data Acquisition

Introduction

A complete design for a data acquisition card for the IBM
PC is detailed in this application note. Additionally, Clan-
guage code is provided to allow sampling of data at
speeds of more than 20kHz.The speed limitation is strictly
based on the execution speed of the "C" data acquisition
loop. A "Turbo" XT can acquire data at speeds greater
than 20kHz as can machines with 80286and 80386proces·
sors. The computer that was used as a test bed in this ap·
plication was an XT running at 4.17MHz and therefore all
system timing and acquisition time measurements are
based on the 4.17MHzclock speed.

The board may be used, as designed, for data acquisition
andlor it may be used as a test vehicle for incorporating an
AID converter into a system. The optical to digital con·
verter described in AN33 could be integrated into the PC
plug-in board to build a simple, yet highly accurate, ma-
chine vision system. The fast sampling available with the
LTC1099allows voice quality audio to be acquired and
stored in PC memory. This could be useful in a PC based
voice analysis system.

This note is broken into two parts. First, the hardware will
be described. The hardware description is broken into four
sections. Figure 1 details the address decoding section.
Figure 2 details the AID converter section. Figure 3 details
the timer circuitry. The DIA section is detailed in Figure 4.

The second part of the application note describes the soft-
ware written in "C" to control the board hardware. These
functions and main programs were written and tested us·
ing Turbo C available from Borland International. These
programs include: 1) The function named "newatod.c."

This function is the main function for using the PC plug·in
board for data collection. 2) The function named
"ntimer.c." This function controls the 8253 hardware timer
on the plug-in board. 3) The function called "dacoput.c."
This is a debug program for testing the address decoding
circuitry on the plug·in board. 4)The function "atodcon.c."
is another debug program allowing the user to test the AID
function of the plug·in board.
Hardware

This application note does not pretend to cover all aspects
of interfacing to the IBM PC.The intent is to allow the ana-
log circuit designer to get a data collection system up and
running with as little pain as possible. Schematic dia-
grams and explanations are provided in as much depth as
possible, but the designer is encouraged to see the addi·
tional sources at the end of this application note for a
more complete treatment of interfacing to the PC.

Figure 1 details the Address Decoding Section of the
plug-in board. Signals from the IBM PC bus are buffered
via 74LS244 unidirectional (U2, U3) or 74LS245 bidirec-
tional(U1) buffers to the expansion board. The direction
line of the 74LS245 is controlled from the BloR line
(Buffered 10 Read)of the IBM Bus. Therefore, when the PC
wants to read data from the plug-in board, the 74LS245lets
data flow in only that direction. Figure 5 shows the correct
timing of an LTC1099read operation as viewed on a logic
state analyzer. Data in the write mode can only flow in the
opposite direction. Since an AID converter can only pro-
vide data to the PC for the PC to read, an LTC1099write
does not mean that the PC writes to it. An LTC1099write
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strobe switches the LTC1099 internal S/H (sample and
hold) to hold mode and then starts the AID conversion. Fig-
ure 6 shows the correct timing of the LTC1099 write opera-
tion. The Gate input to the 74LS245 is controlled by U10A
such that the '245 is active only when a valid PC plug-
in board address (ENIIO) and a BIOR or BlOW line is as-
serted. For non-vulcans this means that the data bus to
the PC plug-in board can only be accessed when the
computer is trying to read or write to the addresses on the
board.
U6 (74LS154) and U8 (74LS688) provide address decoding
for the on-board devices that must be read from or written

IBM-perM
SYSTEM BUS

A9 ~
A8 02
A7 03
A6 D4
A5 os
M D6
:; 07

B14 iOR

B13 I W
B12 M MR
Bll M .
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to. U8 is an 8-bit digital comparator that allows only hex
addresses 0300 to 031F to be accessable on the board. U6
further decodes the addressing so that we may address
each address from 300 to 30F. We could, at a later time,
add another 74LS154 should we need to decode addresses
310 to 31F hex.
Figure 2 details the Analog to Digital Converter Section of
the board. The LTC1099 8-bit AID is a half flash CMOS con-
verter with a built-in sample and hold. It can sample at
rates to 156kHz. In this application, the data acquisition
speed is limited by the software. In the circuit of Figure 2,
an analog signal is input to the AID through an anti-alias-
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ing low pass filter. U23 (an LT1019·5)is a third generation
bandgap reference which supplies the 5V reference to the
AID. The AID's chip select is asserted when EN8 and the
TIMERCLK' signals are low. U20, a 74LS126, is used to
choose which signal starts a conversion. The user can, via
the software, choose if the conversion is started by the
TIMERCLK' signal or via the EN10signal. In a similar man·
ner, the INT select line is used to select whether the
TIMERCLK' signal or the INT (Interrupt) signal is used to
assert the IRQ2(Interrupt #2) line of the IBM bus. Carefully
note that Figure 2 has both analog and digital ground con·

START SELECT

EN 10

TIMERCLK'

INT SELECT

IR02

(BOXEO SECTION B)

TO EOGE lk
CONN. +5
(7. 26) BIOR

nections. It is critically important to separate these
grounds on the board and only bring them together at a
single point at the board edge. If this layout is not followed
the digital devices will cause switching noise which will
appear at the analog device's inputs and cause inaccurate
data to be taken.

Figure 3 shows the 8253 timer and associated circuitry.
The 8253 is a programmable interval timer with three in·
dependent 16·bit counters. The device has six different
modes of operation. The mode used to control the AID in

+50.1pFb-
1'=

7 74LS02
'= U13A

9 U24D

8

DIG~~~ *
ANALOG ...L

GND V
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this application note is Mode 2 which produces a string of
pulses. These pulses are accurately spaced as they are
generated from the 4.77MHz (PC XT) clock signal in the
computer. These pulses are used to start the LTC1099
conversion cycles. As seen in Figure 3, U17, a 74LS393
serves to divide the buffered clock signal by 4. This signal,
at 1.1925MHz,is then input to the 8253. In this application,
the three counters of the 8253 are fed one into the next.
This has the effect of providing an output whose period

+5 O.I,.F

14 ~
Vcc

+5 O.1/-lF

8253 ~
19 UI5 24 ':"

BAO20 AO Vcc 17
BAI 22 ~ OUT2

BIOR23 ~
BlOW 9 WR

8 CLKO OUTI 13
7 ~ CLK2 18
6 02 OUTO 10
5 03 CLKI 15
4 04 CS 21
3 05 GATE2 16
2 D6 GATEI 14
1 07 GATED II

12

CONTROL
REGISTER
(0 x3DC)

may be divided by up to 248 -1. Table 1 details the ad-
dressing of the counters, the gate ports and the control
registers of the 8253.The CSmust be controllable from the
first four addresses shown in Table 1, thus the configura-
tion of U11B, C and D. Figure 7 shows in the top trace, the
buffered clock at U12C pin 6 (Figure 1) and, in the bottom
trace the 8253 (U15)output at pin 17.The timer was pro-
grammed for (50, lU') or 50 microseconds. Note that this
period is correct, as seen in the photo. U18(a 74LS74)and

BUFFCLDCK/4
TO EDGE
(5,24)

TIMERCLK
TO EDGE
(3.22)

T1MERCLK'
TO EDGE
(6.25)

DIGITAL .J..
GNO ':"

ANALOG ..L
GNO V
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U19A (a 74LS08gate) are used to process the signal from
the timer to produce pulses of pulse width equal to BCLKJ
4. Figure 8 shows this process. The top trace is the nar·
rowed pulse at pin 3 (U19A)74LS08.The bottom trace from
pin 17 of the 8253 is the unshaped pulse. The next photo,
Figure 9, shows more dramatically why the process of
pulse narrowing is required. The bottom trace set to 10 mi·
croseconds is almost square. Should a digital process
start on the falling edge of the clock and continue until the
clock rises, this would be almost 5 microseconds for the
square wave. This is far too much time for most proces·
sors. In the top trace a narrow pulse is only a few hundred
nanoseconds wide. This width is what the microprocessor
in the PCwants to see. Thus the pulse width processing is
necessary for proper circuit operation.

I
I

DIGITAL
TO ANALOG
CIRCUITRY~

DIGITAL .1.
GND '='

ANALOG ..L
GND V

D/A OUTPUT
OV-2.56V
(PINS 1, 20
EDGE CONN.)

ANALOG GNDr- (PINS 2. 21V EDGE CONN.)

Figure 4 shows the D/A section of the board. It is simply
the D/A converter attached to the buffered data bus and
the CE and CS pins connected to BlOW and EN11 respec·
tively. The D/A port is connected to output connector pins
to allow analog output from the PC plug·in board.

PORT ADDRESS
304H
305H
306H
307H
30CH

8253 Counter 0
8253 Counter 1
8253 Counter 2
Control Register-8253
Gate Port of 8253 (Bit 0 only)

ANALOG INPUT (7. 26)

TIMERCLK' (6, 25)

BUFFCLOCK/4 (5, 24)

BUFFCLOCK (4. 23)

TIMERCLK (3. 22)

ANALOG GND (2. 21)

D/A OUTPUT (1, 20)
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SAMPLE PERIOO [20ns] 2470 RUNS
MAGNIFICATION [2X]
MAGNIFY ABOUT ( X J
CURSOR MOVES [X J
[I] :

WR

1.000,.s/0IV
20.00ns/SAMPLE

0.0,.. 0 TO X

TOP:
CLOCK@

U12C PIN 6

BOTTOM:
TIMERCLK OUTPUT

AT PIN 17
B253 (U15) (50, '~')

Rii ---u
Figure 7. Buffered XT System Clock and 8253 Timer Output

cs L--.J
DBO

TOP:
TiMERCLK' OUTPUT

AT PIN 3 74LS08

084 -.--J ur BOTTOM:
TlMERCLK FROM

8253 (50, '~')

DB5 -"
DB6 ---.J L- Figure 8. Timer Output (Bottom) and Processed Timer Output

(Top) with Decreased Pulse Width (50"s Pulse Period)
DB7 ---.J

Figure 5. Logic State Analyzer Output Showing Proper LTC1099
Read Timing. LTC1099 is Operating in WR·RD Mode.

TIMING WAVEFORM DIAGRAM

SAMPLE PERIOD [20ns] 45 RUNS
MAGNIFiCATION [2X]
MAGNIFY ABOUT ( X )
CURSOR MOVES (X)
(I) :

1.DDD,../DiV
20.00ns/SAMPLE

0.0,.. 0 TO X

Figure 6. Logic State Analyzer Output Showing Proper LTC1099
Write Timing. LTC1099 is Operating in WR·RD Mode.

TOP:
TIMERCLK' OUTPUT

AT PIN 3 74LSD8

BOTTOM:
TIMERCLK FROM

8253 (10, '~')

Figure 9. Timer Output(Bottom)and Narrowed Timer Output (Top)
(10"s Pulse Period)

Software

Software for the PC plug·in board was written in Borland's
Turbo C. Turbo C provides a good base for interfacing
software to real world hardware as it has input and output
instructions (some languages do not). Turbo C will also al·
low machine code to be called in the middle of a program.
This feature is very useful if speed is of the essence. Most
of the C code shown here should be portable to other com·
pilers, Le. Microsoft. Note that some of the individual
instructions will differ slightly in syntax (Le. Turbo C: Out·
port; Microsoft: Outp. See either the Microsoft C Bible or
another reference for more information).
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The individual programs used for data collection and test-
ing of the plug-in board will be described briefly. For more
information see the comments interspersed throughout
the code and the C references at the end of this article.

Figure 10 details the code called "dacoput.c." The code,
when compiled to produce executable code, will continu-
ously output to the D/A converter on the PC plug-in board.
This is useful when first testing the board and/or one's
knowledge of the C language. The code will produce a
ramp which can be viewed on an oscilloscope using the

I" This is a test proqca. to test the address docoding circuitry on */
'1' the pc plug' in board. The prograll outputs continuously to a DAC */
/* producing a ramp which can be viewed on an oscilloscope. The program ••/
/* is called dll.coput.c and it must be compiled to an executable file to "j
/*~n. ",
j* */
;* Richard Markell/Linear Technology Corp./408 432-1900 */
/* Copywrite Linear Technology Corp. 1989. License to use this */
/* code is granted when used in conjunction with LTCdevices. */
j* Rev. l.OO/Hay 8, 1989 "/

/* *'1* dacoput.c *'
• lnci ude<dos. h>
'lnci ude<slgnal. h:>
• lnci ude<stcUo. h>

while(l)
( ,"Repeat until Control-break hit */
for(i"O;i <- 255:i++) l"'Increaent i and send "'I
dacout(i): I"'it to DACO. "'I
signal(SIGINT, SIG_DFL): I"'Look for Control-Break "'I
)

I'" DACOoutput "'I

dacout(val)
int val:

(
outportb(DACO,val) :
I

output connector on the PCplug-in board. A photograph of
this output is shown in Figure 11.

Figure 12 details the code called "ntimer.c." This is the
code used to set up the 8253 timer integrated circuit on
the PC plug-in board. The code scans the time unit sel-
ected: microseconds, milliseconds, or seconds. Then the
division ratio is selected based on the user input. While
the code may appear formidable, it really is simple to un-
derstand if the potential user calculates the values loaded
into the clock[x] registers. Try it!

I'" Function to set up Intel 8253 ti.er to provide thdng pulses to "'I
I'" A to 0 converter. Mode 2 of the counter/timer is used to produce "'I
I'" a string of pulses. In this application the three counters inside "'I
I'" the 8253 are daisy chained t0gether. Counter O's output is input "'I
I'" to the clock of Counter 1 and Counter l's output is input to the "'I
I'" clock of Counter 2. The output is taken from Counter 2's output. "'I
I'" See Intel data sheet for more details. "'I
I'" "'I
I'" Richard Markell/Linear Technol09Y Corp·/408 432-1900 "'I
I'" Copywrite Linear Technol09Y Corp. 1989. License to use this "'I
I'" code is granted when used in conjunction with LTCdevices. "'I
I'" Rev. l.OO/May 8, 1989 "'I
I'" ntimer.c "'I

'include<stdio. h>
, include<dos. h>

Idefine
Idefine
Ide fine
'det1ne
Idefine

I"'First counter register "'I
I"'Second counter register "'I
I"'Third counter register "'I
I"'Timer control word register "'I
I"'Plug in board control register "'I

CNTO
CNTl
CNT2
TCNTRL
CNTRL

1"'lIlain() "'I
I'" I "'I
I'" outportb(CNTRL, 5) : "'I l"'Enable 8253 output
I'" ti.er{50, 'ut): "'I
I"'} "'I

tilller(rate, unit)
int rate;
char unit;
(
char clock[6]:
unsigned int tocks:

switch (unit)
{
case 'u': I"'Microseconds "'I

( 1"'(l/4.77MHz)-209.5ns "'I
tocks - (float) rate 1 3.3543 1"'209.5ns x 4 x 4 - 3.3543us '"
clock[5) - tocks 1 256
clock[4] - tocks , 256 I'" Example: 20 , 256 _ 20 "'I
clock[3] - 0 :
clock[2] - 2:
clock[l] _ 0:
clock(O] _ 2;
I
break;

(
clock[5] - (rate"'2) 1 256 :
clock[4] - (rate"'2) , 256 :
clock(3) - 0 ;
clock(2) _ 149
clock[l] _ 0 ;
clock[O] _ 4 ;
I
break;

(
clock(5) - (rate"'2l 1 256
clock[4] - (rate"'2) , 256
clockf3] - 23 ;
clock[2] _ 75 ;
clock[l] _ 0 ;
clock( 0] _ 100 :
I

I
outportb(TCNTRL, OX34) :1'" Counter 0, load LSDthen MSB,mode 2 "'I
outportb(TCNTRL, OX74) ;/'" Counter 1, load LSDthen MS8, mode 2 "'I
outportb(TCNTRL, OX84) : I'" Counter 2, load LS8 then "'58, mode 2 "'I
outportb(CNTO, clock[O))
outportb(CNTO, clockfl]l
outportb(CNTl, clock(2])
outportb(CNT1, clock[3])
outportb(CNT2, clock (4])
outportb(CNT2, clock{5J)
I
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Figure 13 is the test program, called "atodcon.c," for test-
ing the analog to digital to analog path through the board.
The user inputs data (usually a sine wave) to the AID via
the board edge connector and views the data on an os-
cilloscope to verify correct operation of the digitization
process. Figure 14 shows an oscilloscope photo of a
40Hzsine wave which was input to the AID and then recon-
verted to analog via the D/A portion of the board. The
speed with which data can be output using this program is
not a valid indication of the data acquisition speed of the
program called "newatod.c." This is because of the extra
time needed to output data with the D/A.

/* This is the main function for testing the A to 0, 0 to A functions 1>/
/* on the pc plug in board. The code below is called atodcon.c. The *1
/* user calla the compiled program, pcplug.exe. from the command line */
/* while in DOS. The cOlllpiled prograll contains atodcon.obj and ntimer. */
/* obj linked vith the various header files. The prograa allows the */
/* designer to test the hardware by inputting a 0 to SV 510;n&1 into */
/1o the A to 0 converter and observinq the output of the D to A converter *'
/* on an oscilloscope to confira proper operation of the A to D and *'
/* D to A functions. tIt/'* *//* Richard Markell/Linear Technology Corp./408 432-1900 */
/* Copyvrite Linear Technology Corp. 1989. License to use this *1
1* code is granted when used in conjunction with LTCdevices. *1
1* Rev. l.OO/May 8, 1989 *1
1* atodcon.c *1

'include<doa. h,.
'include<signal.h"
Unclude<stdio.h"
'define STAT
'define CNTRL
'c;!efine ADC
'define DAC

1* Protoboard status reqister *1
1* Control register *1
1* A to 0 address and data *1
1* 0 to A address *1

(
outportb (ADC,l) : 1* Start A to 0 *1
data-inportb(ADC): I-Input-I
outportb(OAC, data}: I*Output *1
signal (SIGINT, SIG OFL); I*Looks for Cntrl-Brk _I
l -

Figure 14. D/A Output for 40Hz Sine Input to AID (70, 'Il') Timer
Setting

I-This is the aain function for using the PC Plug in board tor data *1
I*collection. This tunction is naaed newatod.c. The user calls the *1
I*co.piled prograa. here titled: npcplug.exe, on the co_and line while -I
I-in DOS. The coapiled progaa contains ne",atod.obj and ntimer.obj linked *1
I-",ith the various header tiles. The user lIust enter on the DOSco_and*1
I-line: C:\npcp1ug dest.xxx. The destination tile aay reside on any *1
I*disk in the systelll, ie dest.xxx may be a:\data5. *1
I*The program collects SIZE_DATA8 bit bytes ot data. This data is *1
I*then displayed on screen and ",ritten to the destination tile. *1
1* *1
1* *1
1* Richard Markell/Linear Technology COrp·/4C8 432-1900 *1
1* Copyvrite Linear Technology Corp. 1989. License to use this code *1
1* is granted ",hen used in conjunction with LTCdevices. *1
1* Rev. l.Ol/June 5, 1989 *1
1* newatod.c *1

'inc1ude<dos.h>
'inc1ude<stdio.h"
, inc1ude<stdl ib. h>

'detine
'detine
'detine
'de tine
'detine

1* Protoboard status register *1
1* control register *1
1* A to 0 address and data *1
1* 0 to A atldresa *1
2048 1* Nulllber ot sallples *1

STAT Ox309
CNTRL Ox30C
ADC Ox308
DAC Ox30B
SIZE_DATA

if {(outhantlle-topen(argv[l), "wb+" }} -- NULL}
(print! ("Can't open file \:s.", argv[l]J; exit(O};l

I*This statement is specific to 18K-PC or clones ( ie non- *1
1* portable *1

il ( (bufter - I*Set up data butter
(unsigned char *)aalloc(SIZE DATA)) -- NULL)

I -
printt("Melllory allocation tai1ed.\n"};
exit(O} ;
l

ptr-butter;

1* Note caretully: the ti_ between stnllples set by the tiller *1
1* must be greater than the '",hi1e' loop time ot execution *1
1* or there aay be errors in the acquiretl tlata. *1

while (bytes < SIZE_DATA) I*Continue until butt tull*1

(
outportb (ADC,l) :
data-inportb(ADC) :
*(ptr++)-data;
bytes++;
l

printt("\n\n---Contents ot tile---\n");
ptr-butter: I*Point to start ot butter*1
bytes-O;
while (bytes < SIZE_DATA)

1* Start A to 0 *1
I*Input byte *1
I*Put data in butfer *1
1*00 again *1

I
print!("t4t1", *(ptr++)); I*Print butter to screen *1
t»ytes++;
il( bytes t 20 -- 0 )
printt("\n") :
I

ptr-butter:
bytes-O;
while (bytes < SIZE DATA)

I -
ir( (bytes_written - tprintf ( outhantlle, "Uti",

*(ptr++)))--EOF) I*write tlata to tlisk tile *1
perror ("Write tailed");
else
bytes++:
data""points - bytes;
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Figure 15 details the main function for data collection.
This function is called "newatod.c." The program collects
SIZE_DATA 8-bit bytes of data and writes them to a disk
file. The program runs very fast because data is stored to
memory until all the data points are collected. Then the
data is written to disk. In use the user must type
C:\ Tq npcplug dest.xxx on the DOScommand line. "C"
recognizes the" \" as a special character, so typing it
twice lets the compiler recognize the" \" in the usual
DOSmanner. If the user is already in the Turbo C directory,
TC, then only the command "npcplug dest.xxx" need be
typed. (Where npcplug is the compiled program containing
the various header files linked with newatod.obj and

ntimer.obj.) Note that the data acquisition speed could
perhaps be improved somewhat by substituting machine
code for the "c" code in the "while" loop starting with the
statement:

while (bytes < SIZE_DATA).

The code as written allows data to be collected at maxi-
mum sampling rates of approximately 20kHz (with a
4.77MHzXT).

Note also that although all the code has been extensively
tested (by an analog hacker), no claims are made as to its
optimization. All reader comments are solicited as to writ-
ing better, faster, or more analog sounding code.

Analog to Digital Converter selection

The job of the AID converter on the PC plug-in board
is to digitize voice, transducers and other types of
analog system inputs.

The LTC1099was chosen as the on·board AID for the
PC plug-in board. It is a CMOS part with 8-bits of
resolution requiring only 75mWof power. Its total un-
adjusted error is ± 1LSB for the LTC1099 and
± 112LSBfor the HA" part. All timing inputs of the
LTC1099are edge sensitive for easy microprocessor
interface.

A major benefit of the LTC1099 is that it contains an
integral sample and hold function that allows sig-
nals of 156kHz at levels up to 5Vp-p to be directly
digitized. This is at least an order of magnitude bet-
ter than most converters of this type.

The LTC1099is ideal for Digitial Signal Processing
applications such as digital filtering, pattern
recognition and FFT signal analysis. In DSP appli-
cations, the dynamic characteristics of the converter
(be it AID or D/A) are critical. Dynamic characteris-
tics are usually measured by inputting a spectrally

pure sine wave to the AID and collecting the digitized
output data. This data is then analyzed for such
things as SNR, Harmonic Distortion and Effective
Number of Bits (ENOBs). It is beyond the scope of
this application note to discuss every aspect of
dynamic signal testing of AID and D/A converters.

Figures 16 and 17 show FFT plots of the LTC1099
converter. Figure 16 shows the plot for an input
signal, fiN=85.61790kHz,with a dynamically tested
SNR of 49.0dB.The next figure, Figure 17,shows the
plot for an input signal fiN= 103.898440kHz.Its SNR
is calculated to be also 49.0dB. These numbers are
remarkable for the fact that the relationship bet-
ween SNR and resolution is related by the following
equation:

SNR= (6.02N+ 1.76dB) where N is the resolution
of the AID in bits.

Thus, the tests conclude that the LTC1099 is very
close to the theoretical in its dynamic signal to noise
ratio. A plot of SNR versus frequency is shown in
Figure 18.
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Figure 16. LTC1099 FFT PlotforflN = 78.1442S1kHz(OV to SV),
fSAMPLE = 312.000000kHz, SIN = 49.0dB, TA = 2SoC
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fSAMPLE = 312.000000kHz, SIN = 49.OdB, TA = 2SoC
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Anti-Aliasing Lowpass Filter

In all sampled data systems, the phenomenon of al-
iasing can rear its ugly head. This can, and usually
will, happen when the analog input frequency ex-
ceeds half the sample frequency. Thus, when we say
that we can collect data at 20kHz (and therefore sam-
ple at 40kHz), we must have an anti-aliasing filter at
the input to the AID to limit the input frequency

OC ACCURATE
OUTPUT

BUFFERED
OUTPUT

1\
\
\

"

Figure 20. Amplitude Response
of Circuit Shown in Figure 19

range to this limit. Obviously, in the selection of the
anti-aliasing filter we must give careful considera-
tion to the input signal's frequency components and
the fact that we cannot build a filter with an infin-
itely steep cutoff slope. Figures 19, 20, 21 and 22
detail some choices for anti-aliasing filters.

-8V

2MHz CMOS
ORTIL CLOCK

NOTE: THE POWER SUPPLIES SHOULD BE
BYPASSED BY A O.lpl' CAPACITOR CLOSE TO
THE PACKAGE.
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Figure 22. Frequency Response
of Circuit Shown in Figure 21
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Step Down Switching Regulators

A substantial percentage of regulator requirements in·
volve stepping down the primary voltage. Although linear
regulators can do this, they cannot achieve the efficiency
of switching based approaches1• The theory supporting
step down ("buck") switching regulation is well estab·
lished, and has been exploited for some time. Convenient,
easily applied IC's allowing implementation of practical
circuits are, however, relatively new.These devices permit
broad application of step down regulation with minimal
complexity and low cost. Additionally, more complex func·
tions incorporating step down regulation become
realizable.

Basic Step Down Circuit

Figure 1 is a conceptual voltage step down or "buck" cir·
cuit. When the switch closes the input voltage appears at
the inductor. Current flowing through the inductor·capaci·

tor combination builds over time. When the switch opens
current flow ceases and the magnetic field around the in·
ductor collapses. Faraday teaches that the voltage in·
duced by the collapsing magnetic field is opposite to the
originally applied voltage. As such, the inductors left side
heads negative and is clamped by the diode. The capaci·
tors accumulated charge has no discharge path, and a DC
potential appears at the output. This DC potential is lower
than the input because the inductor limits current during
the switches on·time. Ideally, there are no dissipative ele·
ments in this voltage step down conversion. Although the
output voltage is lower than the input, there is no energy
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lost in this voltage·to·current·to·magnetic field·to·current·
to·charge·to·voltage conversion. In practice, the circuit
elements have losses, but step down efficiency is still
higher than with inherently dissipative (e.g. voltage
divider) approaches. Figure 2 feedback controls the basic
circuit to regulate output voltage. In this case switch on·
time (e.g. inductor charge time) is varied to maintain the
output against changes in input or loading.
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Practical Step Down Switching Regulator

Figure 3, a practical circuit using the LT107421Cregulator,
shows similarities to the conceptual regulator. Some new
elements havealso appeared. Components at the LT1074's
"VCOMP" pin control the IC's frequency compensation,
stabilizing the feedback loop. The feedback resistors are
selected to force the "feedback" pin to the devices in·
ternal 2.5V reference value. Figure 4 shows operating
waveforms for the regulator at VIN = 28V with a 5V, 1A load.

Note 1: While linear regulators cannot compete with switchers, they can
achieve significantly belter efficiencies than generally supposed. See LTC
Application Note 32, "High Efficiency Linear Regulators," for details.

Note 2: See Appendix A for details on this device.
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A=20V/DIV

B=lA/DIV

C=O.2A/DIV
ON 1A DC LEVEL

D=lA/DIV

Figure 5. Waveforms for the Step Down Regulator at VIN = 12V
and Your =5Vat 1A

TraceA is the Vsw pin voltage and trace B is its current. In·
ductor current 3 appears in trace C and diode current is
trace D. Examination of the current waveforms allows
determination of the Vsw and diode path contributions to
inductor current. Note that the inductor current's wave·
form occurs on top of a 1A DC level. Figure 5 shows signif·
icant duty cycle changes when VINis reduced to 12V.The
lower input voltage requires longer inductor charge times
to maintain the output. The LT1074 controls inductor
charge characteristics (see Appendix A for operating
details), with resulting waveform shape and time propor·
tioning changes.

2.49k
1% B= lA/DIV

C=O.2A/DIV
ON 1A DC LEVEL

D=lA/DIV

Figure 4. Waveforms for the Step Down Regulator at
VIN= 2SVand Your =5V at 1A

VOUT=5V,lA
LM317 DROp·OUT = 3V
LTl086 DROP-OUT= 1.5V

Figure 6. Efficiency vs AC Line Voltage for the LT1074. LT10S6
and LM317 Linear Regulators Are Shown for Comparison.

Figure 6 compares this circuits efficiency with linear
regulators in a common and important situation. Efficient
regulation under varying AC line conditions is a frequent
requirement. The figure assumes the AC line has been
transformed down to acceptable input voltages. The input
voltages shown correspond to the AC line voltages given
on the horizontal axis. Efficiency for the LM317 and
LT1086linear regulators suffers over the wide input range.

Note 3: Methods for selecting appropriate inductors are discussed in
Appendix B.
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The LT1086 is notably better because its lower dropout
voltage cuts dissipation over the range. Switching pre-
regulation 4 can reduce these losses, but cannot equal the
LT1074'sperformance. The plot shows minimum efficiency
of 83%, with some improvement over the full AC line ex-
cursion. Figure 7 details performance. Efficiency ap-
proaches 90% as input voltage rises. This is due to
minimization of the effects of fixed diode and LT1074junc-
tion losses as input increases. At low inputs these losses
are a higher percentage of available supply, degrading effi-
ciency. Higher inputs make the fixed losses a smaller per-
centage, improving efficiency. Appendix D presents detail
on optimizing circuitry for efficiency.
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Dual Output Step Down Regulator

Figure 8, a logical extension of the basic step down con·
verter, provides positive and negative outputs. The circuit
is essentially identical to Figure 3's basic converter with
the addition of a coupled winding to L1.This floating wind-
ing's output is rectified, filtered and regulated to a - 5V
output. The floating bias to the LT1086 positive voltage
regulator permits negative outputs by assigning the regu-
lator's output terminal to ground. Negative output power
is set by flux pick-up from L1's driven winding. With a 2A
load at the + 15 output the - 5V output can supply over
500mA. Because L1's secondary winding is floating its
output may be referred to any point within the breakdown
capability of the device. Hence, the secondary output
could be 5Vor, if stacked on the + 15output, 20V.
Negative Output Regulators

Negative outputs can also be obtained with a simple two
terminal inductor. Figure 9 demonstrates this by essen·
tially grounding the inductor and steering the catch
diodes negative current to the output. A1 facilitates loop
closure by providing a scaled inversion of the negative
output to the LT1074'sfeedback pin. The 1% resistors set
the scale factor (e.g. output voltage) and the RC network
around A1 gives frequency compensation. Waveforms for
this circuit are reminiscent of Figure 5, with the exception



Application Note 35

that diode current (trace D) is negative. Traces A, Band C
are Vsw voltage, inductor current and Vsw current
respectively.
Figure 11,commonly referred to as "Nelson's Circuit," pro·
vides the same function as the previous circuit, but elimin-
ates the level·shifting op amp. This design accomplishes
the level shift by connecting the LT1074's"ground" pin to
the negative output. Feedback is sensed from circuit
ground, and the regulator forces its feedback pin 2.5V
above its "ground" pin. Circuit ground is common to input
and output, making system use easy.Operating waveforms
are essentially identical to Figure 10. Advantages of the
previous circuit compared to this one are that the LT1074
package can directly contact a grounded heat sink and that
control signals may be directly interfaced to the ground re-
ferred pins.
The inductor values in both negative output designs are no-
tably lower than in the positive case. This is necessitated

A=20V/DIV

B~'A/DIV

by the reduced loop phase margin of these circuits. Higher
inductance values, while preferable for limiting peak cur·
rent, will cause loop instability or outright oscillation.

Current· Boosted Step Down Regulator

Figure 12 shows a way to obtain significantly higher out-
put currents by utilizing efficient energy storage in the
LT1074output inductor. This technique increases the duty
cycle over the standard step down regulator allowing more
energy to be stored in the inductor. The increased output
current is achieved at the expense of higher output volt-
age ripple.

The operating waveforms for this circuit are shown in
Figure 13.The circuit operating characteristics are similar
to that of the step down regulator (Figure 3). During the
Vsw (trace A) "on" time the input voltage is applied to one
end of the coupled inductor. Current through the Vsw pin
(trace B) ramps up almost instantaneously (since inductor
current (trace F) is present) and then slows as energy is
stored in the core. The current proceeds into the inductor
(trace D)and finally is delivered to the load. When the Vsw
pin goes off, current is no longer available to charge the in-
ductor. The magnetic field collapses, causing the Vsw pin
voltage to go negative. At this point similarity with the ba-
sic regulator vanishes. In this modified version the output
current (trace F)receives a boost as the magnetic field col·
lapses. This results when the energy stored in the core is
transferred to the output. This current step circulates
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through C1 and D2(trace El, somewhat increasing output
voltage ripple. Not all the energy is transferred to the "1"
winding. Current (trace C) will continue to flow in the "N"
winding due to leakage inductance. A snubber network
suppresses the effects of this leakage inductance. For
lowest snubber losses the specified tapped inductor is
bifilar wound for maximum coupling.

Post Regulation·Fixed Case

In most instances the LT1074output will be applied di-
rectly to the load. Those cases requiring faster transient
response or reduced noise will benefit from linear post
regulation. In Figure 14 a three terminal regulator follows
the LT1074output. The LT1074output is set to provide just

A=50V/OIV

B=5A/OIV

C=10A/01V
0=10A/01V
E = 10AlOIV

F ~ 10A/0IV

Figure 13. AC Current Flow for the Boosted Regulator

enough voltage to the LT1084to maintain regulation. The
LT1084's low dropout characteristics combined with a
high circuit input voltage minimizes the overall efficiency
penalty.
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Post Regulation-Variable Case

Some situations require variable linear post regulation.
Figure 15 does this with little efficiency sacrifice. The
LT1085operates in normal fashion, supplying a variable
1.2V-28V output. The remainder of the circuit forms a
switched mode pre-regulator which maintains a small,
fixed voltage across the LT1085regardless of its output
voltage. A1 biases the LT1074to produce whatever voltage
is necessary to maintain the "E diodes" potential across
the LT1085.A1's inputs are balanced when the LT1085out-
put is "E diodes" above its input. A1 maintains this condi·
tion regardless of line, load or output voltage conditions.
Thus, good efficiency is maintained over the full range of
output voltages. The RC network at A1 compensates the
loop. Loop start·up is assured by deliberately introducing
a positive offset to A1. This is done by grounding A1's ap-
propriate balance pin (5), resulting in a positive 6mV
offset. This increases amplifier drift, and is normally con-
sidered poor practice, but causes no measurable error in
this application.

As shown, the circuit cannot produce outputs below the
LT1085's 1.2V reference. Applications requiring output
adjustability down to OV will benefit from option "A"
shown on the schematic. This arrangement replaces L1
with L2. L2's primary performs the same function as L1
and its coupled secondary winding produces a negative
bias output ( - V). The full wave bridge rectification is ne·
cessitated by widely varying duty cycles. A2 and its atten-
dant circuitry replace all components associated with the

LT1085 VADJpin. The LT1004 reference terminates the
10k-250k feedback string at -1.2V with A2 providing
buffered drive to the LT1085VADJpin. The negative bias al-
lows regulated LT1085outputs down to OV.The - V poten·
tial derived from L2's secondary varies considerably with
operating conditions. The high feedback string values and
A2's buffering ensure stable circuit operation for
"starved" values of - V.

Low Quiescent Current Regulators

Many applications require very wide ranges of power sup·
ply output current. Normal conditions require currents in
the ampere range, while standby or "sleep" modes draw
only microamperes. A typicallap·top computer may draw
1to 2 amperes running while needing only a few hundred
microamps for memory when turned off. In theory, any
regulator designed for loop stability under no·load condi-
tions will work. In practice, a converter's relatively large
quiescent current may cause unacceptable battery drain
during low output current intervals. Figure 16's simple
loop effectively reduces circuit quiescent current from
6mA to only 150IlA. It does this by utilizing the LT1074's
shutdown pin. When this pin is pulled within 350mV of
ground the IC shuts down, pulling only 100IlA.Comparator
C1 combines with the LT1004reference and 01 to form a
"bang-bang" control loop around the LT1074.The LT1074's
internal feedback amplifier and voltage reference are
bypassed by this loops operation. When the circuit output
(trace C, Figure 17) falls slightly below 5V C1's output
(trace A) switches low, turning off 01 and enabling the
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LT1074.The Vsw pin (trace B)pulses at full duty cycle, forc-
ing the output back above 5V.C1then biases Q1 again, the
LT1074goes into shutdown, and loop action repeats. The
frequency of this on-off control action is directly load
dependent, with typical repetition rates of O.2Hz at no
load. Short on-times keep duty cycle low, resulting in the
small effective quiescent current noted. The on-off opera·
tion combines with the LC filtering action in the
regulator's Vsw line to generate an output hysteresis of
about 50mV(again, see Figure 17,trace C).

C=O.1V/DIV
AC COUPLED

ON 5V DC LEVEL

The loop performs well, but has two potential drawbacks.
At higher output currents the loop oscillates in the
1kHz-10kHz range, causing audible noise which may be
objectionable. This is characteristic of this type of loop,
and is the reason that IC's employing gated oscillators
invariably produce such noise. Additionally, the control
loops operation causes about 50mV of ripple on the
output. Ripple frequency ranges from O.2Hz to 10kHz
depending upon input voltage and output current.

Figure 18's more sophisticated circuit eliminates these
problems with some increase in complexity. Quiescent
current is maintained at 150/LA.The technique shown is
particularly significant, with broad implication in battery
powered systems. It is easily applied to a wide variety of
regulator requirements, meeting an acknowledged need
across a wide spectwm of applications.

Figure 18's signal flow is similar to Figure 16, but addi-
tional circuitry appears between the feedback divider and
the LT1074,The LT1074'sinternal feedback amplifier and
reference are not used. Figure 19 shows operating wave·

R3
5.9k'

'='

10k

470k
12V

L1 =PULSE ENGINEERING, INC. #PE·92103
• = 1% METAL FILM RESISTOR

•• = TYPICAL VALUES - SEE TEXT



forms under no load conditions. The output (trace A)
ramps down over a period of seconds. During this time
comparator A1's output (trace B) is low, as are the 74C04
paralleled inverters. This pulls the Vc pin (trace D) low,
forcing the regulator to zero duty cycle. Simultaneously,
A2 (trace C) is low, putting the LT1074in its 100/LAshut·
down mode. The Vsw pin (trace E) is off, and no inductor
current flows. When the output drops about 60mV,A1 trig·
gers and the inverters go high, pulling the Vc pin up and
biasing the regulator. The zener diode prevents Vc pin
overdrive. A2 also rises, taking the IC out of shutdown
mode. The Vsw pin pulses the inductor at the 100kHzclock
rate, causing the output to abruptly rise. This action trips
A110w, forcing the Vc pin back low and shutting off Vsw
pulsing. A2 also goes low, putting the LT1074 into
shutdown.

This "bang·bang" control loop keeps the 5V output within
the 60mV ramp hysteresis window set by the loop. Note

A~O.1V/OIV
AC COUPLED

B ~20V/DIV

C=20V/DIV
D=2V/DIV

E=10V/DIV

Figure 19. Low Quiescent Current Regulator's Waveforms With
No Load (Traces B, C, and E Retouched for Clarity)

A=O.lV/DIV
AC COUPLED

B=20V/DIV
C=20V/DIV

D=2V/DIV

E=10V/DIV

Figure 21. Low Quiescent Current Regulator's Waveforms at 7mA
Loading
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that the loop oscillation period of seconds means the
R1·C1time constant at Vc is not a significant term. Be·
cause the LT1074spends almost all of the time in shut-
down, very little quiescent current (150/LA)is drawn.
Figure 20 shows the same waveforms with the load in·
creased to 2mA. Loop oscillation frequency increases to
keep up with the loads sink current demand. Now, the Vc
pin waveform (trace D)begins to take on a filtered appear·
ance. This is due to R1-C1's 10ms time constant. If the
load continues to increase, loop oscillation frequency will
also increase. The R1-C1time constant, however, is fixed.
Beyond some frequency, R1·C1must average loop oscil-
lations to DC. At 7mA loading (Figure 21) loop frequency
further increases, and the Vc waveform (trace D) appears
heavily filtered.
Figure 22 shows the same circuit points at 2A loading.
Note that the Vc pin is at DC, as is the shutdown pin.
Repetition rate has increased to the LT1074's100kHzclock

A=O.lV/DIV
AC COUPLED

B=20V/DIV

C=20V/DIV

D=2V/DIV

E=lDV/DIV

Figure 20. Low Quiescent Current Regulator's Waveforms at 2mA
Loading

A=O.2V/DIV
AC COUPLED
B =20V/DIV

C =2DV/DIV

D=2V/DIV
E=20V/DIV

Figure 22. Low Quiescent Current Regulator's Waveforms at 2A
Loading
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frequency. Figure 23 plots what is occurring, with a pleas·
ant surprise. As output current rises, loop oscillation fre·
quency also rises until about 23Hz.At this point the R1·C1
time constant filters the Vc pin to DCand the LT1074transi-
tions into "normal" PWM operation. With the Vc pin at DC
it is convenient to think of A1 and the inverters as a linear
error amplifier with a closed loop gain set by the R2·R3
feedback divider. In fact, A1 is still duty cycle modulating,
but at a rate far above R1-C1's break frequency. The phase
error contributed by C2 (which was selected for low loop
frequency at low output currents) is dominated by the
R1·C1roll off and the C3 lead into At The loop is stable
and responds linearly for all loads beyond 10mA. In this
high current region the LT1074is desirably "fooled" into be·
having like a conventional step down regulator.

A formal stability analysis for this circuit is quite complex,
but some simplifications lend insight into loop operation.
At 250jLA loading (20kO)C2 and the load form a decay time
constant exceeding 30 seconds. This is orders of magni·
tude larger than R2·C3, R1-C1, or the LT1074's 100kHz
commutation rate. As a result, C2 dominates the loop.
Wideband A1 sees phase shifted feedback, and very low
frequency oscillations similar to Figure 19's occur 5. AI·
though C2's decay time constant is long, its charge time
constant is short because the circuit has low sourcing
impedance. This accounts for the ramp nature of the
oscillations.

Increased loading reduces the C2·load decay time con·
stant. Figure 23's plot reflects this. As loading increases,

EXTENDS
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Figure 23. Figure 18'5 Loop Frequency V5 Output Current. Note
Linear Loop Operation Above 10mA.

the loop oscillates at a higher frequency due to C2's de·
creased decay time. When the load impedance becomes
low enough C2's decay time constant ceases to dominate
the loop. This point is almost entirely determined by R1and
Ct Once R1and C1 "take over" as the dominant time con·
stant the loop begins to behave like a linear system. In this
region (e.g. above about 10mA, per Figure 23) the LT1074
runs continuously at its 100kHzrate. Now, C3 becomes sig·
nificant, performing as a simple feedback lead 6 to smooth
output response. There is a fundamental trade-off in the
selection of the C3 lead value. When the converter is run·
ning in its linear region it must dominate the loops time lag
generated hysteretic characteristic. As such, it has been
chosen for the best compromise between output ripple at
high load and loop transient response.

Despite the complex dynamics transient response is quite
good. Figure 24 shows performance for a step from no
load to 1A. When trace A goes high a 1A load appears
across the output (trace C). Initially, the output sags al-
most 200mV due to slow loop response time (the R1·C1
pair delay Vc pin (trace B) response). When the LT1074
comes on response is reasonably quick and surprisingly
well behaved considering circuit dynamics. The multi·time
constant recovery 7 ("rattling" is perhaps more appropri·
ate) is visible in trace C's response.

Nole 5: Some layouts may require substantial trace area to A 1's inputs. In
such cases the optional RC network around A 1 ensures clean transitions at
A1's output.
Note 6: "Zero Compensation" for all you technosnobs out there.
Nole 7: Once again, "multi-pole settling" for those who adore jargon.



Figure 25 plots efficiency 'Is. output current. High power
efficiency is similar to standard converters. Low power
efficiency is somewhat better, although poor in the lowest
ranges. This is not particularly bothersome, as power loss
is very small.

The loop provides a controlled, conditional instability in-
stead of the usually more desirable (and often elusive)
unconditional stability. This deliberately introduced char-
acteristic dramatically lowers converter quiescent current
without sacrificing high power performance.
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Figure 25. Efficiency YS Output Current for Figure 18. Standby
Efficiency is Poor, But Power Loss Approaches Battery Self·
Discharge

Wide Range, High Power, High Voltage Regulator

BEFORE PROCEEDINGANY FURTHER,THE READER IS
WARNED THAT CAUTION MUST BE USED IN THE CON·
STRUCTION,TESTING AND USEOF THIS CIRCUIT.HIGH
VOLTAGE,LETHAL POTENTIALS ARE PRESENT IN THIS
CIRCUIT.EXTREMECAUTION MUST BE USED IN WORK-
ING WITH AND MAKING CONNECTIONS TO THIS CIR·
CUlT. REPEAT: THIS CIRCUIT CONTAINS DANGEROUS,
HIG VOLTAGEPOTENTIALS.USECAUTION.

Figure 26 is an example of the LT1074making a complex
function practical. This regulator provides outputs from
millivolts to 500V at 100W with 80% efficiency. A1 com·
pares a variable reference voltage with a resistively scaled
version of the circuits output and biases the LT1074
switching regulator configuration. The switcher's DC out·
put drives a toroidal DC-DCconverter comprised of L1,01
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and 02. 01 and 02 receive out of phase square wave drive
from the 74C74+ 4 flip-flop stage and the LT1010buffers.
The flip-flop is clocked from the LT1074Vsw output via the
03 level shifter. The LT1086provides 12V power for A1 and
the 74C74.A1 biases the LT1074regulator to produce the
DC input at the DC·DC converter required to balance to
loop. The converter has a voltage gain of about 20, result-
ing in high voltage output. This output is resistively
divided down, closing the loop at A1's negative input. Fre·
quency compensation for this loop must accommodate
the significant phase errors generated by the LT1074
configuration, the DC·DCconverter and the output LC fil·
ter. The 0.47JLFroll·off term at A1 and the 100n-0.15JLFRC
lead network provide the compensation, which is stable
for all loads.

Figure 27 gi'les circuit waveforms at 500V output into a
100W load. Trace A is the LT1074Vsw pin while trace B is
its current. Traces C and Dare 01 and 02's drain wave-
forms. The disturbance at the leading edges is due to
cross·current conduction, which lasts about 300ns - a
small percentage of the cycle. Transistor currents during
this interval remain within reasonable values, and no over-
stress or dissipation problems occur. This effect could be
eliminated with non·overlapping drive to 01 and 02 8, al-
though there would be no reliability or significant effi·
ciency gain. The 500kHz ringing on the same waveforms is
due to excitation of transformer resonances. These phe·
nomena are not deleterious, although L1's primary RC
damper is included to minimize them.

All waveforms are synchronous because the flip-flop drive
stage is clocked from the LT1074Vsw output. The LT1074's
maximum 95% duty cycle means that the 01·02 switches
can never see destructive DC drive. The only condition al·
lowing DC drive occurs when the LT1074is at zero duty
cycle. This case is clearly non·destructive, because L1 reo
ceives no power.

Figure 28 shows the same circuit points as Figure 27, but
at only 5mV output. Here, the loop restricts drive to the
DC·DC converter to small levels. 01 and 02 chop just
70mV into L1. At this level L1's output diode drops look
large, but loop action forces the desired 0.005Voutput.

Note 8: For an example of this technique see LTCApplication Note 29,
Figure 1.
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Figure 27. Figure 26's Operating Waveforms at 500V Output Into
a 100W Load

A=O.05VIDIV
AC COUPLED

ON 500V LEVEL

Figure 29. Figure 26's Output Noise at 500V into a 100W Load.
Residue is Composed of Q1-Q2 Chopping Artifacts and Trans·
former Related Ringing. DANGER! Lethal Potentials
Present - See Text.

The LT1074'sswitched mode drive to L1 maintains high
efficiency at high power, despite the circuits wide output
range 9.

Figure 29 shows output noise at 500V into a 100W load.
01·02 chopping artifacts and transformer related ringing
are clearly visible, although limited to about BOmV.The co-
herent noise characteristic is traceable to the syn·
chronous clocking of 01 and 02 by the LT1074.

A 50V to 500V step command into a 100W load produces
the response of Figure 30. Loop response on both edges is

A=5V/OIV

B=50mA/DIV

Figure 30. 500V Step Response with 100W Load (Photo
Retouched for Clarity). DANGER! Lethal Potentials
Present - See Text.

clean, with the falling edge slightly underdamped. This
slew asymmetry is typical of switching configurations, be·
cause the load and output capacitor determine negative
slew rate. The wide range of possible loads mandates a
compromise when setting frequency compensation. The
falling edge could be made critically or even over damped,
but response time for other conditions would suffer. The
compensation used seems a reasonable compromise.

Note 9: A circuit related to the one presented here appears in LTCApplica-
tion Note 6. Its linear drive to the slep-up DC-DC converter forces dissipa-
tion, limiting output power to about 1Ow.
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Regulated Sinewave Output DC·AC Converter

BEFORE PROCEEDING ANY FURTHER,THE READER IS
WARNED THAT CAUTION MUST BE USED IN THE CON·
STRUCTION,TESTING AND USE OF THIS CIRCUIT.HIGH
VOLTAGE,LETHAL POTENTIALS ARE PRESENT IN THIS
CIRCUIT. EXTREMECAUTION MUST BE USED IN WORK-
ING WITH AND MAKING CONNECTIONS TO THIS CIR·
CUlT. REPEAT: THIS CIRCUIT CONTAINS DANGEROUS,
HIGH VQLTAGEPOTENTIALS.USECAUTION.

Figure 31 is another example of the LT1074permitting the
practical implementation of a complex function. It con·
verts a 28V DC input to a regulated 11SVAC400Hz
sinewave output with 80% efficiency. Waveform distortion
is below 1.6% at SOWoutput. This design shares similari·
ties with the previous circuit. The LT1074supplies efficient
drive to a high voltage converter despite large line and
load variations. An amplifier (A1)controls the input to the
high voltage converter via A2 and the LT1074switching
regulator. The high voltage output is divided down and fed
back to the amplifier where it is compared to a reference
to close a loop. In the previous circuit the output is DC;
here the output is AC. As such, A1's reference (trace A,
Figure 32) is an amplitude and frequency stabilized 800Hz
half-sine1o• The high voltage converter is driven from a flip·
flop clocked by a reference synchronized pulse (negative
going excursions just visible in trace B)via level shift tran-
sistor 03. The reference synchronized pulse occurs at the
zero voltage point of the half-sine. The flip·flop outputs
(traces C and D, respectively) drive the 01 and 02 gates.
RCfilters in the gate line retard the drive's slew rate.

A1 biases the LT1074'sVc pin via A2 to produce an 800Hz
half·sine signal at L2's center tap (trace E). Because 01
and 02 are synchronously driven with the reference half-
sine their drain waveforms (traces F and G) reveal al·
ternate chopping of complete half cycles. L2 receives
balanced drive and its secondary recombines the chopped
half·sines into a 11SVAC400Hz sinewave output (trace H).
The diode bridge rectifies L2's output back to an 800Hz
half·sine which is fed to A1 via the resistor divider. A1 bal-
ances this signal against the reference half·sine to close a
loop. Transmitting the 800Hz waveform around the loop re-
quires attention to available bandwidth. The LT1074's
100kHz switching frequency is theoretically high enough
to permit this, but the bandwidth attenuation of its output

LC filter must be considered. The unusually low output fil·
ter capacitor value allows the necessary frequency reo
sponse. A1's 330k-0.01/lF components combine with the
RC lead network across the 16k feedback resistor to sta-
bilize the loop.

A2 closes a local loop around the LT1074configuration.
This is necessary because L2 blocks DC information from
being conducted around A1's loop. This is a concern be·
cause the waveform presented to L2's primary center tap
must have no DCcomponent. DC content at this point will
cause waveform distortion, transformer power dissipation
or both. The LT1074'sVc pin operates with substantial and
uncertain DC bias, making A1's inability to control DC er-
rors unacceptable. A2 corrects this by biasing the LT1074
Vc pin at its DCthreshold so that no DC component is pre-
sented to L2. A1's output represents the difference be·
tween the AC coupled circuit output and the half-sine
reference. A2's output contains this information in addi-
tion to DC restoration information. L2 and A1 contribute
essentially no DC error, so A2's loop may be closed at the
LT1074 configuration's output. A2's feedback capacitor
stabilizes this local loop.

The drive to L2 cannot sink current. This means that any
residual energy stored in L2 when the drive waveform goes
to zero sees no exit path. This is a relatively small effect,
but can cause output crossover distortion. The syn-
chronous switch option shown on the schematic provides
such a path, and is recommended for lowest output distor-
tion. This optional circuitry is detailed in Appendix E.

Figure 33A and 33B show waveforms in the "turnaround"
region of circuit operation. This is the most critical part of
the converter, and its characteristics directly determine
output waveform purity. Figure 33A (trace A), a highly am·
plitude and time expanded version of L2's center tap drive,
arrives at OV(upper cross-etched horizontal line) and turns
around cleanly. This action is just slightly time skewed
from the reference synchronized pulse (trace B). The aber-
ration on the rising edge is due to the optional syn·
chronous switch's operation. This switch is shorted
during the on-time of trace C's pulse (see Appendix E for
operating details of this option). Trace D, 02's gate drive,

Note 10: Complete operating details of the half·sine reference generator
appear in Appendix E.
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aligns with trace B's pulse. The slew reduction caused by
the 1k-O.01JlFfilter is clearly visible, and contributes to
trace A's low noise turnaround. The LT1074's100kHzchop-
ping related components are easily observed in trace A.
Waveforms at the next half cycle's zero point (e.g. 01's
gate driven) are identical.

A~5V/OIV
B = IOV/OIV
C =50V/OIV
O~50V/OIV
E=20V/OIV
F=50V/OIV

G=50V/OIV

H =200V/OIV

Figure 32. + 28-110VAC, 400HzConverter's Waveforms. The
Optional Synchronous Switch is Disabled in this Photo, Resulting
in Relatively High Crossover Distortion (TraceH)..DANGER!
LetharPotentlal$Pres~nt - See Text.

B~5V/DIV

C~20V/OIV

o ~20V/OIV

C~5V/OIV

O=50V/OIV

Figure 338
Figure 33A and 338. Details of "Turnaround" Sequence.
Switching Characteristics Directly Determine Output Crossover
Distortion.~.ANGER! Lethal Potentials Present - See Text.

Figure 33B shows additional details at highly expanded
amplitude and time scales. L2's center tap is trace A, 01's
drain is trace Band 02's drain trace C. The output
sinewave (trace D)is shown as it crosses through zero.

Figure 34. Distortion and Spectral Characteristics for the
Sinewave Output Converter. Distortion Trace(8) Shows Crossover
Abberations and LT1074Wideband Chopping Residue. The
Synchronous Switch Option is Employed in This Photo for Lowest
Distortion. DANGER! Lethel PQ1$l'!t[alsPfesen - Siil~!...

Figure 34 studies waveform purity. TraceA is the sinewave
output at 50W loading. Trace B shows distortion prOducts,
which are dominated by turnaround related crossover
aberrations and LT1074 100kHz chopping residue. Al-
though not strictly necessary, the LT1074'sswitching can
be synchronized to the reference half-sine for coherent
noise characteristics. This option is discussed in Ap-
pendix E, along with other reference generator details.
Trace C is a spectrum analysis centered at 400Hzl1. In this
photo the optional synchronous switch is used, account-
ing for improved crossover characteristics over Figure 32.

If a fUlly floating output is desired the output diode bridge
can be isolated by a simple 1:1 ratio transformer. To cali-
brate this circuit trim the "output adjust" potentiometer
for a 115VACoutput. Regulation remains within 1% over
wide variations of input and load.

Note 11: Test equipment aficionados may wish to consider how this picture
was taken. Hint: Double exposure techniques were not used. This photo-
graph is a reai time, simuitaneous dispiay of frequency and time domain
information.
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APPENDIX A

Physiology 01 the LT1074

The LT1074uses standard (as opposed to current mode)
pulse width modulation, with two important differences.
First, it is a clocked system with a maximum duty cycle of
approximately 95%. This allows a controlled start·up
when it is used as a positive to negative converter or a
negative boost converter. Second, duty cycle is an inverse
function of input voltage (DC", 11VIN),without any change
in error amplifier output. This greatly improves line tran-
sient response and ripple rejection, especially for designs
which have the control loop over-damped.

Referring to the block diagram, the heart of the LT1074
consists of the oscillator, the error amplifier A1, an analog
multiplier, comparator C6, and an RSflip-flop. A complete
switching cycle begins with the reset (down ramp) period
of the oscillator. During this time (",O.7/Ls),the RS flip-flop
is set and the switch driver 0104 is kept off via the "and"
gate G1. At the end of the reset time, 0104 turns on and
drives the output switch 0111,0112, and 0113.The oscilla-
tor ramp starts upward, and when it is equal to the output
voltage of the analog multiplier, C6 resets the RS flip·flop,
turning off the output switch. Duty cycle is therefore con-
trolled by the output of the multiplier which in turn is con·
trolled by the output of the error amplifier, At

A multiplier is used in the LT1074to provide a perfect "feed
forward" function. Conventional switching regulators
sometimes use a simple form of feed forward to adjust
duty cycle immediately when input voltage changes. This
reduces the requirement for voltage swing at the output of
the error amplifier as it tries to correct for line variations.
Bandwidth of switching regulator error amplifiers must be
fairly low to maintain loop stability, so rather large output
perturbations occur when the output of the error amplifier
must move quickly to correct for line variations. Conven-
tional feed forward schemes typically operate well over a
restricted input voltage range or are effective only at
certain frequencies. The multiplier technique is very effec·
tive over the full range of input voltage and at all frequen·
cies. The basic function is to compensate for the
generalized buck regulator transfer function; Your: (VIN)
(DC),where DC= switch duty cycle. This transfer function
has two implications. First, it is obvious that to maintain a
constant output, duty cycle must change inversely with in-
put voltage. Second, input voltage appears in the loop
transfer function, Le., a fixed variation in duty cycle gives
different variations in output voltage depending on input
voltage. Loop gain is directly proportional to input voltage,
and this can cause loop instability or slow loop response
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if input voltage varies over a wide range. The multiplier
takes out all input voltage effects by automatically adjust-
ing loop gain inversely with input voltage. The multiplier
output (Vo) is equal to error amplifier output (VE)divided by
input voltage (VIN);Vo = (VR)e(VE)/(VIN).VR is a fixed volt-
age required by all analog multipliers to define multiplier
gain. It has an effective value of approximately 20V in the
LT1074.

The error amplifier used in the LT1074is a transconduc-
tance type. It has high output impedance (::::500k{J),so that
its AC voltage gain is defined by the impedance of ex-
ternal shunt frequency compensation components (Zc)
and the transconductance (gm) of the amplifier, Av = (gm)
(Ac). gm is ::::3500llmho.The error amplifier has its non-in-
verting input committed to an internal 2.3V reference. The
inverting input (fb) is brought out for connection to an ex-
ternal voltage divider that establishes regulator output
voltage.

Two other connections are made internally to the fb pin. A
window comparator consisting of C4, C5, and some logic
provides an "output status" function. It monitors the volt-
age on the fb pin and gives a "high" output only when the
fb voltage is within ± 5% of the internal reference voltage.
This status output can be used to alert external circuitry
that the regulator output is "in" or "out" of regulation. The
delay and one shot circuits ensure that switching EMI will
not cause spurious outputs, and that the minimum time
for an "out-of-bounds" (low) status output is =20lls. Also
tied to the fb pin is a frequency shift circuit consisting of
R15 and Q36. The base of Q36 is biased at = 1V so that
Q36 turns on when the fb pin drops below ::::0.6V.Current
through Q36 smoothly decreases oscillator frequency.
This is necessary for maintaining control of current limit
at high input voltages. A "dead short" on the output of a
switching regulator requires that switch "on" time reduce
to (VO)/(VIN)(f),where Vo is the forward voltage of the out-
put catch diode and f is switching frequency. Vo is typi-
cally 0.5V for a Schottky catch diode, forcing switch "on"
time to shrink to a theoretical 0.111sfor a 50V input and
100kHz switching frequency with a shorted output. In
practical circuits, effective "on" time can stretch to 0.311s
under these conditions due to losses in the inductor wire
resistance and switch rise and fall time. The LT1074can-

not reduce switch "on" time to less than =0.6I1sin current
limit because it has true pulse·by·pulse switch current
limiting. The current limit circuitry must sense switch cur-
rent after the switch turns on, and then send a signal to
turn the switch off. Minimum time for this signal path is
0.6I1s.Full control of current limit is maintained by reduc·
ing switching frequency when the output falls to less than
approximately 15% of its regulated value. This has no
affect on normal operation and does not change the selec-
tion of external components such as the inductor or out·
put capacitor.

True pulse-by-pulse current limiting is performed by com·
parator C7. It monitors the voltage across sense resistor
R52 and resets the RS flip·flop. Current limit threshold is
set by the voltage across R47 which in turn is set by the
voltage on the IUMpin. The IUMvoltage is determined by
an external resistor or by an internal clamp of 5V if no ex-
ternal resistor is used. To compensate for the temperature
coefficient of R47 (::::+ 0.25%1°C), the internal current
source IL has a matching positive temperature coefficient.
Its nominal value is 300llA at 25°C. Current limit can be set
from 1A to 6A with one external resistor between IUMand
ground. If no resistor is used, the IUMpin will self clamp at
=5V and current limit will be ::::6.5A.A small pre-bias is ad·
ded to the negative input of C7 to ensure that current limit
will go to zero (no switching) when the IUMpin is pulled to
OV,either by an external short or via Q11during under-volt·
age lockout. Soft start can be achieved by connecting a
capacitor to the IUM pin. Fold·back current limiting can
also be implemented by connecting a resistor from IUMto
the regulated output.

Switching frequency of the LT1074 is internally set at
100kHz, but can be increased by connecting a resistor
from the frequency pin to ground. This resistor biases on
Q79 and feeds extra current into the oscillator. Maximum
suggested frequency is 200kHz. A comparator, C3, is also
connected to the frequency pin and allows this pin to be
used for synchronizing the oscillator to an external clock,
even when the pin is also being used to boost oscillator
frequency. R35keeps the frequency pin biased correctly in
a no-function state when it is left open and R361imits Q79
current if the frequency pin is accidentally shorted to
ground.
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The shutdown pin on the LT1074can be used as a logic
control of output switching, as an under-voltage lockout,
or to put the regulator into complete shutdown with
ISUPPLY'"100/lA.Comparator C2 has a threshold of 2.5V.It
forces the output switch to a 100% "off" condition by
pulling the IUMpin low via 011. Under·voltage lockout is
implemented through C2 by connecting the tap of an input
voltage divider to the shutdown pin. Full micropower shut-
down of the regulator is achieved by pulling the shutdown
pin below the 0.30Vthreshold of C1.This turns off the chip
by shutting down the internal 6V bias supply. An internal
10/lA current source pulls the shutdown pin high (inactive)
if it is left open.

The Comout pin is an open-collector NPN whose collector
voltage is the complement of the switch output (Vsw).087
is specified to drive up to 10mA and 30V. It is intended to
drive the gate of an external N-channel MOSswitch which
is in parallel with the catch diode. The MOS switch then
acts as a synchronous rectifier, which can significantly im·
prove converter efficiency in low output voltage applica-
tions. The Comout pin can also be used to drive the gate of

an external P·channel MOS switch in parallel with the in·
ternal bipolar switch to provide ultra-high efficiency
switching at lower input voltages. A slight time·shift in the
Comout signal prevents switch overlap problems.

The combination of these features produces a DC·to·DC
converter with the electrical characteristics shown in
Figure A2.
PARAMETER CONDITIONS UNITS
Input Voltage Range 4.5Vto 60V
Output Voltage Range 2.5Vto 50V
Output Current Range Standard Buck OAto5A

Tapped Buck OAto10A
Quiescent Input Current 7mA
Switching Frequency 100kHz to 200kHz
Switch Rise/Fall Times 50ns
Switch Voltage Loss 1A 1.6V

5A 2V
Reference Voltage 2.35V ± 1.5%
Line/Load Regulation 0.05%
Efficiency Vour= 15V 90%

Vour= 5V 60%

APPENDIXB

GENERAL CONSIDERATIONS FOR SWITCHING
REGULATOR DESIGN

Magnetic considerations are easily the most common
problem area in switching regulator design. Ninety per·
cent of the difficulties encountered are traceable to the in·
ductive components in the circuit. The overwhelming level
of difficulty associated with magnetics mandates a judi·
cious selection process. The most common difficulty is
saturation. An inductor is saturated when it cannot hold
any more magnetic flux. As an inductor arrives at satura·
tion it begins to look more resistive and less inductive.
Under these conditions current flow is limited only by the
inductor's DC copper resistance and the source capacity.
This is why saturation often results in destructive failures.

While saturation is a prime concern, cost, heating, size,
availability and desired performance are also significant.
Electromagnetic theory, although applicable to these is-
sues, can be confusing, particularly to the non-specialist.

Practically speaking, an empirical approach is often a
good way to address inductor selection. It permits real·
time analysis under actual circuit operating conditions
using the ultimate simulator - a breadboard. If desired,
inductor design theory can be used to augment or confirm
experimental results.

Figure 81 shows a typical step down converter utilizing
the LT1074switching regulator. A simple approach may be
employed to determine the appropriate inductor. A very
useful tool is the #845 inductor kit12 shown in Figure 82.
This kit provides a broad range of inductors for evaluation
in test circuits such as Figure 81.

NOle 12: Available from Pulse Engineering, Inc., P.O. Box 12235, San D',ego,
California 92112, 619-268-2400.



Figure B3 was taken with a 450/LHvalue, high core capa·
city inductor installed. Circuit operating conditions such
as input voltage and loading are set at levels appropriate
to the intended application. Trace A is the LT1074'sVsw
pin voltage while trace B shows its current. When Vsw pin
voltage is high, inductor current flows. The high induc-
tance means current rises relatively slowly, resulting in the
shallow slope observed. Behavior is linear, indicating no
saturation problems. In Figure B4, a lower value unit with
equivalent core characteristics is tried. Current rise is
steeper, but saturation is not encountered. Figure B5's
selected inductance is still lower, although core charac-
teristics are similar. Here, the current ramp is quite
pronounced, but well controlled. Figure B6 brings some
informative surprises. This high value unit, wound on a low
capacity core, starts out well but heads rapidly into
saturation, and is clearly unsuitable.

The described procedure narrows the inductor choice
within a range of devices. Several were seen to produce

TO.' ':"

Figure 82. Model B451nductor Selection Kit from Pulse
Engineering, Inc. Includes 1B Fully Specified Devices
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acceptable electrical results, and the "best" unit can be
further selected on the basis of cost, size, heating and
other parameters. A standard device in the kit may suffice,
or a derived version can be supplied by the manufacturer.

Using the standard products in the kit minimizes speci·
fication uncertainties, accelerating the dialogue between
userandinductorvendo[
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There are alternate inductor selection methods to the one
described. One of the most popular is utilized by those
devoid of the recommended inductor kit, time or adequate
instrumentation. What is usually desired is to get a proto-
type LT1074circuit running NOW. What is often available
is limited to a drawer of inductors (see Figure B7) of un-
known or questionable lineage. Selection of an appropri-
ate inductor is (hopefully) made by simply inserting one of
these drawer dwellers into an unsuspecting LT1074circuit.
Although this methods theoretical premise is perhaps
questionable, its seemingly limitless popularity compels
us to address it. We have developed a two step procedure
for screening inductors of unknown characteristics. In-
ductors passing both stages of the test have an excellent
chance (75% - based on our sample of randomly selected

Figure B6. Waveforms for 500JlH, Low Capacity Core Inductor
(Note Saturation Effects)

inductors) of performing adequately in a prototype LT1074
circuit. The only instrumentation required is an ohmmeter
and a scale.

Test 1consists of weighing the candidate inductor.Accept-
able limits range between 0.01 and 0.25 pounds. This test
is best performed at an Inductor Test Facility (see Figure
B8), where precision scales are readily available. To save
time the quick checkout line is recommended (but only if
you have nine13 inductors or less - no cheating).

Figure B9 shows an inductor under test. The 0.13 pound
weight indicated by the scale places this unit well within
acceptable limits.

Note 13: The maximum permitted number of items in the quick checkout
line varies from facility to facility. Please be familiar with and respect local
regulations.

Figure B7. "Yeah, We Got Some Inductors in a Drawer. I'm Sure
They'll Work ... "

Figure B9. Inductor Under Test (Don't Forget to Pick·Up a Loaf of
Bread and a Dozen Eggs)
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The second test involves measuring the inductors DC re-
sistance. Acceptable limits are usually between 0.010and
0.250. Inductors passing both tests will probably function
in a prototype LT1074circuit. Figures 810 and 811 show
typical acceptable and unacceptable inductors. Gradu-
ates tend to be relatively dense, with (where visible) thick
wire. Flunkers are usually less dense, with small (again,
where visible) wire sizes.

When using an inductor selected with this method try low
power first, then gradually increase loading. Observe in·
ductor and LT1074heating, making sure their dissipation
is reasonable (warm to the touch). Disproportionate in-
creases in heating as load is increased probably indicate
inductor saturation. Either reduce the load, or go back to
the drawer and try again.

While these two tests are somewhat lacking in rigor they
do increase the chances of quickly getting a circuit to run
with available components. In the longer term, the appro·
priate inductor can be decided upon and specified.

For the theoretically minded, test 1 grades out inductors
which are unlikely to have enough flux storage capability
(core mass) to avoid saturation. Test 2 eliminates units
with too high a resistance to efficiently support typical
LT1074 operating currents. Expanded discussion and
design considerations for inductors will be found in
Reference4.

Capacitors

Think about requirements in capacitors. All operating
conditions should be accounted for. Voltage rating is the
most obvious consideration, but remember to plan for the
effects of equivalent series resistance (ESR) and induc·
tance. These specifications can have significant impact
on circuit performance. In particular, an output capacitor
with high ESRcan make ioop compensation difficult or de-
crease efficiency.

Layout

Layout is vital. Don't mix signal, frequency compensation,
and feedback returns with high current returns. Arrange
the grounding scheme for the best compromise between
AC and DC performance. In many cases, a ground plane
may help. Account for possible effects of stray inductor·
generated flux on other components and plan layout
accordingly.

Diodes

Diode breakdown and switching ratings must be thought
through. Account for all conditions. Transient events
usually cause the most trouble, introducing stresses that
are often hard to predict. Study the datasheet breakdown,
current capacity, and switching speed ratings carefully.
Were these specifications written under the same condi·
tions that your circuit is using the device in? If in doubt,
consult the manufacturer.

Switching diodes have two important transient character·
istics - reverse recovery time and forward turn·on time.
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Reverse recovery time occurs because the diode stores
charge during its forward conducting cycle. This stored
charge causes the diode to act as a low impedance con-
ductive element for a short period of time after reverse
drive is applied. Reverse recovery time is measured by for-
ward biasing the diode with a specified current, then forc-
ing a second specified current backwards through the
diode. The time required for the diode to change from a re-
verse conducting state to its normal reverse non-conduct-
ing state is reverse recovery time. Hard turn-off diodes
switch abruptly from one state to the other following reo
verse recovery time. They therefore dissipate very little
power even with moderate reverse recovery times. Soft
turn·off diodes have a gradual turn-off characteristic that
can cause considerable diode dissipation during the turn·
off interval.

Fast diodes can be useless if stray inductance is high in
the diode, output capacitor or LT1074 loop. 20-gauge
hook-up wire has 30nH/inch inductance. Switching cur-
rents on the order of 108A!secare typical in regulator cir-
cuits. They can easily generate volts per inch in wiring.

Keep the diode, capacitor and LT1074input/switch lead
lengths SHORT!

Frequency Compensation

The basic LT1074step down configuration is relatively free
of frequency compensation difficulties. The simple RC
damper networks shown from the Vc pin to ground will
usually suffice. Things become more complex when gain
and phase contributing elements are added to the basic
loop. In these cases it is often useful to look at the LT1074
as a low bandwidth power stage. The delays are due to the
sampled data nature of power delivery (100kHz switching
frequency) and the output LC filter. In general, complex
loops can be stabilized by limiting the gain-bandwidth of
the LT1074below that of the added elements. This is in ac-
cordance with well known feedback theory. A discussion
of practical techniques for stabilizing such loops, "The
Oscillation Problem (Frequency Compensation Without
Tears)," appears at the end of LTC Application Note 18.
Other pertinent comments appear in the "Frequency Com-
pensation" sections of LTCApplication Notes 19and 25.

Techniques and Equipment for Current Measurement

Accurate measurement of current flow under rapidly
changing circuit conditions is essential to switching
regulator design. In many cases current waveforms
contain more valuable information than voltage measure-
ments. The most powerful and convenient current measur·
ing tool is the clip-on current probe. Several types appear
in Figure C1. The Tektronix P-6042,shown bottom left, is a
Hall effect stabilized current transformer which responds
from DC to 50MHz. The more recent Tektronix AM-503(not
shown) has similar specifications. The combination of
convenience, broad bandwidth and DC response make
Hall effect stabilized current probes the instrument of
choice for converter design. The DC response allows
determination of DC content in high speed current wave-
forms. The clip-on probe contains a current transformer
and a Hall effect device. The Hall device senses at DC and
low frequency while the transformer simultaneously
processes high frequency content. Careful roll-off

matching allows a composite output with no peaking or
response aberrations at the two sensors bandwidth
crossover. Sensitivity ranges from fractions of a mil·
Iiampere to amperes and is switch selectable.

Transformer based clip·on current probes are also available.
These types lack the DC response of their Hall effect aug·
mented cousins, but are still quite useful. The Tektronix
type 131 (and the more modern 134) responds from hun-
dreds of hertz to about 40MHz.AC current probes (type 131
appears in C1, upper left) are as convenient to use as Hall
types, but cannot respond at low frequency. AC current
probes are also available with a simple termination (left
foreground, Figure C1).Thesetypes are more difficult to use
than the actively terminated models (e.g. type 131 shown)
because of complex gain switching. Their low frequency
limitations are also poorer,although their high frequency re-
sponse exceeds 100MHz.
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A final form of AC current probe is the simple transformer
shown in Figure C1's foreground. These are not clip-on de-
vices, and usually have significant performance limita-
tions compared to the instruments discussed. However,
they are inexpensive and can provide meaningful mea·
surement results when used according to manufacturers
recommendations. In use, the conductor is threaded
through the opening provided and the signal monitored at
the output pins.

Figure C1 also shows a wide-ranging DC clip-on current
probe. The Hewlett-Packard 428B (upper right) responds
from DC to only 400Hz, but features 3% accuracy over a
100llA to 10A range. This instrument obviously cannot dis-
cern high speed events, but is invaluable for determining
overall efficiency and quiescent current.

Figure C1. Various Current Probe Types Provide Different
Capabilities. Selection Criteria is Application Dependent.

A great strength of the probes described is that they take a
fully floating measurement. The extraction of current
information by magnetic connection eliminates common
mode voltage considerations. Additionally, the clip-on
convenience makes the probes as easy to use as a stand-
ard voltage mode probe. As good as they are, current
probes have limitations and characteristics which must be
remembered to avoid unpleasant surprises. At high cur-
rents, probe saturation limits may be encountered. Re-
sultant CRT waveforms will be corrupted, rendering the
measurement useless and confusing the unwary. For Hall
types, measurement below a few hundred microamperes
is limited by noise, which is much more obvious on the dis-
play. Keep in mind that current probes have different
signal transit delay times than voltage probes or dissimi-
lar current probes. At high sweep speeds this effect shows

up in multi-trace displays as time skewing between indi-
vidual channels. The current probes transit time delay can
be mentally factored in to reduce error when interpreting
the display. Note that active probes have the longest
signal transit times, on the order of 25ns.

The AC probes low frequency bandwidth restriction must
be kept in mind when interpreting CRT displays. Figure C2
clearly demonstrates this by showing the AC probes in-
ability to follow low frequency. Similarly, remember that
the probes stated bandpass is a - 3dB figure, meaning
signal information is not entirely present in the display at
this frequency. When working in regions approaching ei-
ther end of the probe bandpass consider that displayed
information may be distorted or incomplete.

There are other ways, albeit less convenient and desirable
than clip-on current probes, to measure wideband current
signals. Ohm explains that measuring voltage across a re-
sistor gives current. Current shunts (Figure C3 foreground)

Figure C2. Hall Stabilized (TraceA) and Transformer (Trace B)
Based Current Probes Responding to Low Frequency
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are low value (for LT1074circuits 0.10 to 0.010 is typical)
resistors with four terminal connections for accurate
measurement. In theory, measuring voltage across a cur·
rent shunt should yield accurate information. In practice,
common mode voltages introduce measurement difficul-
ties, particularly at speed. Making this measurement
requires an isolated probe or a high speed differential
plug·in. The Signal Acquisition Technologies SL-10(Figure
C3) has 10MHz bandwidth, a galvanically floating input
and 600Vcommon mode capability. This probe allows any
oscilloscope to take a floating measurement across a
shunt.

Differential oscilloscope plug-in's,_while not galvanically
floating, can measure across a shunt. Tektronix types W,'
1A5 and 7A13 have 1mV sensitivity with up to 100MHz
bandwidth and excellent common mode rejection. Types
1A7and 7A22have 10IlVsensitivity, although bandwidth is
limited to 1MHz. All differential plug-in's have bandwidth
and/or common mode voltage restrictions that vary with
sensitivity. These trade-offs must be reviewed when se·
lecting the optimal shunt value for a particular measure-
ment. In general the smallest practical shunt value is
desirable. This minimizes the inserted resistances para·
sitic effects on circuit operation.

Optimizing Switching Regulators for Efficiency

Squeezing the utmost efficiency out of a switching regula·
tor is a complex, demanding design task. Efficiency ex-
ceeding 80%·85% requires some combination of finesse,
witchcraft and just plain luck. Interaction of electrical and
magnetic terms produces subtle effects which influence
efficiency. A detailed, generalized method for obtaining
maximum converter efficiency is not readily described but
some guidelines are possible.

Losses fall into several loose categories including junco
tion, ohmic, drive, switching, and magnetic losses.

Semiconductor junctions produce losses. Diode drops in·
crease with operating current and can be quite costly in
low voltage output converters. A 700mVdrop in a 5V out·
put converter introduces more than 10% loss. Schottky
devices will cut this nearly in half, but loss is still appre-
ciable. Germanium (rarely used) is lower still, but
switching losses negate the low DC drop at high speeds.
In very low power converters Germanium's reverse leak·
age may be equally oppressive. Synchronously switched
rectification is more complex, but can sometimes simu·
late a more efficient diode (see LTCApplication Note 29,
Figure 32).The LT1074's"Com Out"pin is intended to drive
external synchronous switches. See Appendix A for
details.

When evaluating synchronous rectification schemes reo
member to include both AC and DC drive losses in effi-
ciency estimates. DC losses include base or gate current

in addition to DC consumption in any driver stage. AC
losses might include the effects of gate (or base) capaci·
tance, transition region dissipation (the switch spends
some time in its linear region) and power lost due to timing
skew between drive and actual switch action.

The LT1074'soutput switch is composed of a PNP driving
a power NPN (Figure D1).The switch drop can reach 2V at
high currents. This will usually be the major loss in the cir·
cuit. Its effect on efficiency can be mitigated by using the
highest possible input voltage. Text Figure 7 shows 5V
regulator efficiency improving almost 10% for higher in·
put voltages. Higher output voltages will further minimize
the switch losses.

Actual losses caused by switch saturation effects and
diode drops are sometimes difficult to ascertain. Chang·
ing duty cycles and time variant currents make deter-
mination tricky. One simple way to make relative loss



judgements is to measure device temperature rise. Appro-
priate tools here include thermal probes and (at low volt-
ages) the perhaps more readily available human finger. At
lower power (e.g. less dissipation, even though loss per-
centage may be as great) this technique is less effective.
Sometimes deliberately adding a known loss to the
component in question and noting efficiency change al-
lows loss determination.

Ohmic losses in conductors are usually only significant at
higher currents. "Hidden" ohmic losses include socket
and connector contact resistance and equivalent series
resistance (ESR) in capacitors. ESR generally drops with
capacitor value and rises with operating frequency, and
should be specified on the capacitor datasheet. Consider
the copper resistance of inductive components. It is often
necessary to evaluate trade-offs of an inductors copper re-
sistance vs. magnetic characteristics.

Switching losses occur when the LT1074 spends signif-
icant amounts of time in its linear region relative to operat-
ing frequency. At higher switching frequencies transition
times can become a substantial loss source. The LT1074's
100kHzpre-set switching frequency is a good compromise
(for this device) and changes should be carefully consid-
ered. Raising the switching frequency to gain some de-
sired benefit necessitates consideration of increased
LT1074 losses. 200kHz is the maximum practical operat-
ing frequency.

• = 1% FILM RESISTORS
M BR7 45 = MOTOROLA

L1 =PULSE ENGINEERING. INC. #PE·92113
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Magnetics design also influences efficiency. Design of
inductive components is well beyond the scope of this
appended section, but issues include core material selec-
tion, wire type, winding techniques, size, operating fre·
quency, current levels, temperature and other issues.
Some of these topics are discussed in LTC Application
Note 19, but there is no substitute for access to a skilled
magnetics specialist. Fortunately, the other categories
mentioned usually dominate losses, allowing good effi·
ciencies to be obtained with standard magnetics. Custom
magnetics are usually only employed after circuit losses
have been reduced to lowest practical levels.

A Special Circuit

In cases where input voltage must be low, but may float,
Figure D2's circuit may be preferable to an LT1074based
approach. This circuit uses the LT1070,a common emitter
output device. With the emitter connected to the ground
pin this devices (LT1070operating details are available in
its datasheet, and in LTCApplication Notes 19,25 and 29)
switch loss is significantly lower than the LT1074's. Al-
though intended for voltage step·up in flyback configura-
tions the LT1070can be arranged to perform the step-down
function. The advantage is the efficiency gain due to the
reduced switch loss. The circuits primary restriction is
that the input must float with respect to the output. 01
performs a level shift to get the feedback information
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referenced to the LT1070"ground" pin, which floats with
the input. The LT1070is effectively "fooled" and behaves
like a flyback regulator. It is oblivious to the fact that the
overall function is step-down, because the floating input is
driven to the output potential. The negative side of the out-

put filter capacitor is connected to the ground (~) of the
powered system, and the LT1070input rail becomes the 5V
output. Other voltages are obtainable by altering the
3.9k-1.1k feedback ratio. Efficiency approaches 85%.

A Half·Sine Reference Generator

Text Figure 31's half-sine reference must be amplitude and
frequency stabilized to a fairly high degree. It is not un-
reasonable to expect a 115VAC400Hz source to be within
1V and 0.1Hz. Additionally, Figure 31's reference requires
a half·sine, as opposed to the more normal full·sine. These
requirements are achievable by classical analog tech·
niques, but a digital approach eases complexity with no
performance trade-off 14. Figure E3 shows such an ap-
proach. C1 forms a 1.024MHz crystal oscillator which is
divided down by the 7490.The 7490's differentiated + 10
output becomes the LT1074's 102.4kHz sync. option
output. The 7490's + 5 output (204.8kHz)is fed to the 74191
counters. These counters parallel load a 2716 EPROM
which is programmed to produce an 8-bit (256 states) dig·
itally coded half-sine. The program, developed by Sean
Gold and Guy M. Hoover, appears in Figure E1.The 2716's

Llne HJ801 Colul'l" W,.ap APL2IPC
GENCODES

00 03 e6 99 00 Ie 13 16 19 I elF 22 26 29 ZC ZF
32 35 38 38 3£ "I .u "7 (fit 40 50 53 56 59 SC SF
62 65 68 68 60 70 73 76 79 78 7£ 81 S( 86 89 Be
8E 91 93 96 98 98 90 A0 1'12 AS fit? A9 AC filE 80 83
as 87 99 88 BE C0 CZ C4 C6 CB CA C8 CO CF 01 03
05 06 08 OA DB 00 DE £0 E I £3 E4 E6 £7 £8 fA £8
EC EO EE EF F I F2 F3 F3 F.• F5 F6 F7 F9 Fe F9 FA
FAFBFBFCFCFornFEFEFEFEFFFFFFFFFF
FFFFFFFFFFFEFEFEFEFOFDFCFCFBFBFA
FA F9 F8 F9 F7 F6 F5 F4 F3 F3 F2 FI EF EE EO EC
EB EA £8 E7 £6 E4 E3 EI E"· DE 00 08 QA 09 06 as
03 0 I CF CO CS CA CS C6 C4 cz ce BE 88 89 87 85
83 B0 filE AC A9 fit? AS fIl2 Ae 90 98 98 96 93 91 9E
Be 89 86 94 81 7£ 79 79 76 73 79 60 6B 68 65 62
SF SC 59 56 53 59 40 4A 47 44 41 3E 3B 38 35 32
2F 2C 29 26 22 IF IC 19 16 13 109009969309

parallel output is fed to an 8·bit DAC, which produces
800Hz 2.5V(peak)half·sines.
Those wishing to utilize this reference for full-sines will
find the appropriate software in Figure E2.
Figure E3 also shows the synchronous switch option dis-
cussed in the text. The 74C122monostable forms a simple
delayed pulse generator which drives the 04 switch. The
20/ls delay and 6/ls pulse width set at the 74C122were em-
pirically determined to produce lowest overall crossover
distortion in Figure 31's output.
Note 14: The sinewave is probably the paramount expression of the analog
world. The Old Man Himself, George A. Philbrick, once elegantly discussed
analog functions as "those which are continuous in excursion and time."
He might have viewed digital production of a sinewave with considerable
suspicion, or simply labeled it blasphemous. Such are the wages of
progress.

Ll"~ 10736 ColUl'ln loIrec APL2IPC
GENCOOES

FF FF FF FF FE FE FE FO FO FC FB FA F9 F9 F7 F6
F5 F4 F3 FI Fe EE EO E8 E9 E8 £6 E4 E2 E0 DE DC
09 D7 05 02 00 CE C8 C9 C6 C3 CI BE ee 88 86 83
80 AD AA A7 A4 A I 9E 98 98 95 92 8E 88 88 85 82
7F 7C 78 75 7Z 6F 6e 69 66 63 60 50 SA 57 54 S I
4£ 48 48 4S 42 40 30 3A 38 35 33 30 2E 28 29 27
2S 22 20 1E I CIA 18 17 15 13 II 10 0E 00 0e 9A
19 08 07 06 05 e.t. 93 03 02 02 01 01 00 00 00 00
00 09 00 00 01 01 02 02 03 03 04 05 06 111708 09
0A 0C 00 0£ 10 II 13 15 17 18 IA IC IE 20 22 25
27 29 28 2£ 30 33 35 38 3A 30 40 4.2 45 48 48 4£
SI 54 57 5A 50 60 63 66 69 6C 6F 72 75 78 7C 7F
8Z 85 88 88 8E 92 95 98 98 9E AI A4 A7 AA AD 80
83 96 88 Be BE C I C3 C6 C9 CB CE 00 02 05 07 09
DC DE ee £2 £4 E6 E8 E9 E8 EO EE Fe F I F3 F4 F5
F6 F7 F9 F9 FA Fe FC FD FO FE FE FE FF FF FF FF
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The Magnetics Issue

Magnetics is probably the most formidable issue in con·
verter design. Design and construction of suitable magnet·
ics is a difficult task, particularly for the non·specialist.lt is
our experience that the majority of converter design prob·
lems are associated with magnetics requirements. This
consideration is accented by the fact that most converters
are employed by non·specialists. As a purveyor of
switching power IC's we incur responsibility towards ad·
dressing the magnetics issue (our publicly spirited attitude
is, admittedly, capitalistically polluted). As such, it is LTC's
policy to use off·the·shelf magnetics in our circuits. In
some cases, available magnetics serve a particular design.
In other situations the magnetics have been specially de·
signed, assigned a part number and made available as
standard product.

In many circumstances a standard product is suitable for
production. Other cases may require modifications or
changes which the manufacturer can provide or advise on.
Hopefully, this approach serves the needs of all
concerned.

Recommended magnetics manufacturers include the fol·
lowing;

Pulse Engineering, Inc.
P.O.Box 12235
7250Convoy Court
San Diego, California 92112
619·268-2400

Coiltronics
984Southwest 13th Court
Pompano Beach, FL 33069
305-781-8900
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Interfacing the LTC1290
to the 8051 MCU

Sammy Lum
Tim Rust

Introduction

This application note describes the hardware and soft·
ware required for communication between the LTC1290
12·bit data acquisition system and the MCS·51 family of
microcontrollers (e.g., 8051). The four wire interface is
capable of completing a 12·bit conversion and transferring
the data to the 8051 in 116JLs.Configuration of the 8051
and the LTC1290will be discussed as it applies to this in-
terface. Schematics, code, and liming diagrams will be
discussed. Finally, a summary of results including data
throughput rates will be provided.

Interface Details

The serial port of the 8051 does not support the syn-
chronous, full duplex format used by the LTC1290.There·
fore it is necessary for the user to construct a serial port
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using four lines from one of the parallel ports available on
the 8051.The lines are set or cleared using the bit manipu·
lation features of the 8051. This provides a very flexible
serial port but the data shift rate is three to four times
slower than that available from microcontrollers with ded-
icated serial ports.

The LTC1290has two clock lines: ACLK and SCLK. ACLK
controls the AiD conversion rate while SCLK controls the
data shift rate. These lines may be tied together or run
separately. The 8051 provides a pin (ALE) which can be
used to drive the ACLK of the LTC1290(option 1).A1terna·
tively, tying the clocks together saves one line that has to
go between the LTC1290and the 8051(option 2). However,
this implementation slows the data throughput rate due
to additional code. The schematic of Figure 1 shows both
of these options.

LTC1290 8051

IT P1.4".~[ Dour Pl.l·INPUTS · DIN P1.2· SCLK P1.3
: OPTION 2

ACLK ••••••••••••••••••••••• ALE
OPTION 1
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Hardware Description

The code for this interface was developed on an 8051
evaluation board.

Due to the weak pullups of the 8051, excess loading
should be avoided when examining the output of the
microcontroller.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using separate ACLK and SCLK
(option 1). The 8051 clock rate was 12MHz, producing a
2.0MHz clock on the ALE pin.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1290 please see the
data sheet.

Software Description

The software simulates a serial port through bit manipula-
tion instructions of the 8051. Additionally, the software
generates a delay during which time the AID conversion
takes place.

The code sets up bit one of port one as an input by setting
it high. (Due to the weak pullup of the 8051, the DOUTpin of
the LTC1290can then drive the pin high or low.)

SCLK is initialized to a low state and CS is initialized to a
high state. A DINword of $OEis then loaded into the ac-

cumulator. An examination of Figure 3 and the data sheet
will show that this configures the LTC1290for CHOwith reo
spect to CH1, unipolar, MSB first and a 12-bit word length.
Next CS goes low. If the user is tying ACLK and SCLK to-
gether (option 2) it is then necessary to generate two clock
pulses to meet the deglitcher requirements. With separate
clocks (option 1) the NOP is necessary to allow sufficient
time for the deglitcher before starting to shift the data.
Data is moved from the P1.1 pin (DoUTof the LTC1290) to
the carry register and shifted one bit at a time into the ac-
cumulator. At the same time, the 8-bit DINword is shifted
from the accumulator into the carry register and output on
P1.2(DINof the LTC1290).

After the eight MSBs have been shifted, the contents of
the accumulator are stored in R2. The final four bits are
then shifted into the accumulator, placed in the most sig-
nificant bits and stored in R3. The data is left justified at
this point with the MSBs in R2 and the LSBs in R3. CS is
then raised and time (52 ACLK cycles) for the LTC1290to
do its next conversion must be allowed before the next
read can be performed. If separate clocks are being used
(option 1), quite often the microcontroller will have other
tasks to accomplish and this time can be used produc·
tively. Otherwise, a routine such as the one labeled DELAY
can be used. With the clocks tied together (option 2), it is
necessary for the 8051 to manually clock the LTC129052
times and this free time is then lost as shown in Figure 7.
An example of this routine is labeled LOOP1.
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If right justified data is required, the MSBF bit of the DIN
word could be cleared and the bits reversed (in this case
producing a DIN word of $OA). Also it would be necessary
to swap the rotate left and rotate right instructions.

proper choice of software and LTC1290 data format. The
code shown applies to all MCS·51 family members. The
same technique can be used on any parallel port
processor.

Reference

Hoover, Guy and Rempfer, William, "Interfacing the
LTC1090 to the 8051 MCU," Application Note 26A, Linear
Technology Corp.

R2 LABEL MNEMONIC COMMENTS
MOV Pl, #02H BIT 1 PORT1 SETAS INPUT
CLR Pl.3 SCLK GOES LOW

Isb SETB P1.4 CSGOESHIGH

LSB ITIITIJJ] filled with Os R3
CONT MOV A,#OEH DINWORD FOR LTC1290

CLR Pl.4 CSGOESLOW
DOUT from LTC1290 stored in 8051 RAM MOV R4,#08H LOAD COUNTER

NOP DELAYFOR DEGLITCHER
Figure 4. Memory Map LOOP MOV C,Pl.l READ DATABIT INTO CARRY

RLC A ROTATEDATABIT INTO ACC
MOV Pl.2,C OUTPUTDINBITTO LTCl290

Power Shutdown SETB Pl.3 SCLK GOES HIGH
CLR P1.3 SCLK GOES LOW

Figure 8 shows what occurs during a power shutdown and DJNZ R4,LOOP NEXT BIT
subsequent power up of the LTC1290. In CDa dummy con· MOV R2,A STOREMSBs IN R2

MOV C,Pl.l READ DATABIT INTO CARRY
version is performed prior to power shutdown in order to CLR A CLEARACC
obtain the data from the previous conversion. In this RLC A ROTATEDATABIT INTO ACC
example we are requesting a 12·bit word length MSB first. SETB Pl.3 SCLK GOES HIGH
In (Z) power shutdown is requested by inputing the appro· CLR Pl.3 SCLK GOES LOW

MOV C,Pl.l READ DATABIT INTO CARRY
priate DIN word ($OD). The bottom trace is the LTC1290 RLC A ROTATEDATABIT INTO ACC
supply current which shows the current going from a nom- SETB Pl.3 SCLK GOES HIGH
inal value of SmA to SpA In <ID power up occurs and the CLR Pl.3 SCLK GOES LOW
device is ready for conversion. The DOUT word is not valid

MOV C,Pl.l READ DATABIT INTO CARRY
RLC A ROTATEDATABIT INTO ACC

until the next cycle, CD The analog input to the LTC1290 SETB Pl.3 SCLK GOES HIGH
was a constant DC voltage. As one would expect the DOUT CLR Pl.3 SCLK GOES LOW
word in@isthesameasinCD. MOV C,Pl.l READ DATABIT INTO CARRY

RRC A ROTATERIGHT INTO ACC
RRC A ROTATERIGHT INTO ACC

Summary RRC A ROTATERIGHT INTO ACC
RRC A ROTATERIGHT INTO ACC

A four wire interface between the LTC1290 and the 8051 MOV R3,A STORE LSBs IN R3
with a combined data conversion and transfer time of SETB Pl.3 SCLK GOES HIGH

CLR P1.3 SCLK GOES LOW
116~s was demonstrated. It was shown that the ACLK of SETB Pl.4 CSGOESHIGH
the LTC1290 can be run separately from the SCLK by tying
the ACLK to the ALE of the 8051. Alternatively, the two MOV R5,#OBH LOAD COUNTER
clock pins can be tied together (saVing one line at the ex- DELAY DJNZ R5, DELAY GOTO DELAY IF NOT DONE

pense of speed). The data can be either left justified or
right justified in the microcontroller's memory through the Figure 5. 8051 Code for Option 1 (ACLK Tied to ALE)

..L7WlL~ AN 36A-3
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LABEL MNEMONIC COMMENTS
MOV Pl, #02H BIT 1 PORT 1 SET AS INPUT
CLR Pl.3 SCLK GOES LOW
SETB Pl.4 CSGOESHIGH

CO NT MOV A,#OEH DINWORD FOR LTC1290
CLR Pl.4 CSGOESLOW
SETB Pl.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW
SETB P1.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW
MOV R4, #08H LOAD COUNTER

LOOP MOV C, Pl.1 READ DATA BIT INTO CARRY
RLC A ROTATE DATA BIT INTO ACC
MOV Pl.2,C OUTPUT DINBITTO LTC1290
SETB Pl.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW Figure 7. Timing Diagram lor Option 2DJNZ R4, LOOP NEXT BIT
MOV R2,A STORE MSBs IN R2
MOV C,Pl.l READ DATA BIT INTO CARRY
CLR A CLEARACC
RLC A ROTATE DATA BIT INTO ACC
SETB Pl.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW
MOV C,Pl.l READ DATA BIT INTO CARRY
RLC A ROTATE DATA BIT INTO ACC
SETB Pl.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW
MOV C,Pl.l READ DATA BIT INTO CARRY
RLC A ROTATE DATA BIT INTO ACC
SETB Pl.3 SCLK GOES HIGH
CLR Pl.3 SCLK GOES LOW
MOV C,Pl.l READ DATA BIT INTO CARRY
RRC A ROTATE RIGHT INTO ACC
RRC A ROTATE RIGHT INTO ACC
RRC A ROTATE RIGHT INTO ACC
RRC A ROTATE RIGHT INTO ACC
MOV R3,A STORE LSBs IN R3
SETB Pl.3 SCLK GOES HIGH Figure 8. Power Shutdown
CLR Pl.3 SCLK GOES LOW
SETB Pl.4 CSGOES HIGH

MOV R4,#34H LOAD COUNTER
LOOP 1 SETB Pl.3 SCLK GOES HIGH

CLR Pl.3 SCLK GOES LOW
DJNZ R4, LOOP 1 GO TO LOOP llF NOT DONE

Figure 6. 8051 Code lor Option 2 (ACLK Tied to SCLK)



Interfacing the LTC1290
to the MC68HC05 MCU
Sammy Lum
Tim Rust

Introduction

This application note describes an interface between the
LTC1290 12·bit data acquisition system and the Motorola
SPI family of single chip microcomputers (e.g., 68HC05).
The simple four wire interface is capable of completing a
12·bit conversion and shifting the data to the 68HC05 in
40/ls. Configuration of the LTC1290and the 68HC05 will be
discussed as it applies to this interface. Schematics,
code, and timing diagrams will be shown. Finally, a sum·
mary of the key points of this interface will be given, in·
eluding data throughput rates.

Interface Details

The LTC1290 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a synchronous, full
duplex format over DINand DOUT.

The Motorola Serial Peripheral Interface (SPI) is a syn·
chronous, full duplex, serial port built into the 68HC05that
allows the user to construct a simple communication path
to the LTC1290.SPI provides clock, data in and data out
lines that are compatible with the LTC1290. The only
additional line required is one programmable output pin
(CO) to control CS on the LTC1290. The schematic of
Figure 1 shows how the two devices are connected.

LTC1290 MC68HC05

cs co

M·~l· SCLK SCK

INPUTS • o'N MoSI..
oOUl MISo
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Hardware Description

The 68HC05 was emulated and the code for this interface
was developed on a Motorola M68HC05 EVM.

SS (Pin 34)of the 68HC05 must be held high to enable the
SPI properly for this interface.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using a 4MHz ACLK. The 68HC05
clock was 4MHz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1290 please see the
data sheet.

Figure 2. Timing Diagram

Software Description

The software configures and controls the SPI of the
68HC05. Additionally, the software manipulates CO (CS of
the LTC1290)and generates a delay during which time the
LTC1290performs a conversion.

The code first configures the Serial Peripheral Control
Register (SPCR)of the SPI. The SPI interrupt is disabled.
The SPI outputs are enabled. The SPI is configured as a
master. Finally, the SPI clock is set to normally low, for
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data transfer on the rising edge and for a frequency equal
to half the internal processor clock (one fourth the crystal
frequency).

Port C is configured as all outputs by placing ones in the
data direction register of port C. A DINword that config-
ures the LTC1290for CHOwith respect to CH1, unipolar,
MSB first and a 16-bit word length is stored in memory lo-
cation $50. Figure 3 shows how the DINword is composed.

CO is made to go low. DINfor the LTC1290is loaded into
the SPI data register. Storing DIN in the data register
causes the transfer to begin. After waiting for the first
eight bits to be transferred (8 NOPs)the status register of
the SPI is examined. This clears the SPIF bit of the status
register and allows the data register to be read, which is
the next step. The first eight bits containing the MSBs
from the LTC1290are then stored in $61 of the 68HC05as
shown in Figure 4. The LSBs are transferred in the same
manner and stored in $62of the 68HC05.Notice in Figure 5
that only 6 NOPsare used in transferring the LSBs.This is
because after 6 NOPs, time is consumed by the BSET
command which sets the CO pin of the 68HC05.The data
at this point is left justified.

Isb
LSB OIUJI.QJ--f-ill-ed-w-ith-O-s- $62

DOUT from LTC1290 stored in MC68HC05 RAM
Figure 4. Memory Map

At this time 52ACLK cycles must be allowed for the AID to
perform its next conversion. Usually the processor will
have other tasks to perform during this time. If this is not
the case a string of NOPs or a simple delay loop can be
used to generate this delay.

The code was written for the 68HC05.By changing the ad·
dresses of the special function registers however, the
code should run on all of Motorola's SPI processors in·
cluding the 68HC11.

Power Shutdown

The LTC1290can be shutdown by inputing the appropriate
DINword (OD).A dummy conversion prior to a request for
power shutdown is required because the data from the
previous conversion will be shifted out as a 10-bit word
during the power shutdown request. Upon power up the
LTC1290is ready for conversion and the DOUTword will be
valid on the second request for conversion.

Summary

A four wire interface between the LTC1290 and the
68HC05 with a combined data conversion and transfer
time of 40lls was demonstrated. The interface used the
serial (SPI) port of the 68HC05. The 12 data bits of the
LTC1290are shifted MSB first in two 8-bit transfers. The
data is stored left justified in the 68HC05's internal RAM.

Reference

Hoover, Guy and Rempfer, William, "Interfacing the
LTC1090to the MC68HC05," Application Note 26B, Linear
Technology Corp.

MNEMONIC COMMENTS
LOA #$50 CONFIGURATION DATA FOR SPCR
STA $OA LOAD DATA INTO SPCR ($OA)
LOA #$FF CON FIG. DATA FOR PORT C DDR
STA $06 LOAD DATA INTO PORT C DDR
LOA #$OF LOAD LTC1290 DIN DATA INTO ACC
STA $50 LOAD LTC1290 DINDATA INTO $50
BCLR 0,$02 co GOES LOW (CS GOES LOW)
LOA $50 LOAD DININTO ACC FROM $50
STA $OC LOAD DIN INTO SPI. START SCK

NOP 8 NOPs FOR TIMING

LOA $OB CHECK SPI STATUS REG
LOA $OC LOAD LTC1290 MSBs INTO ACC
STA $61 STORE MSBs IN $61
STA $OC START NEXT SPI CYCLE

NOP 6 NOPs FOR TIMING

BSET 0,$02 co GOES HIGH (CS GOES HIGH)
LOA $OB CH ECK SPI STATUS REGISTER
LOA $OC LOAD LTC1290 LSBs INTO ACC
STA $62 STORE LSBs IN $62



Interfacing the LTC1290/LTC1090
to the TMS370 MCU
Guy Hoover
Sammy Lum
Tim Rust

Introduction

This application note describes an interface between the
LTC129012·bit data acquisition system and the TMS370
family of microcontrollers (e.g., TMS370C050).The simple
four wire interface is capable of completing a 12·bit con·
version and shifting data to the TMS370C050 in 421ls.
Configuration of the LTC1290and the TMS370C050will be
discussed as it applies to this interface. Schematics,
code, and timing diagrams will be shown. The LTC1090
10-bit data acquisition system is also compatible with this
interface. Next the power shutdown feature of the
LTC1290 will be discussed and a summary of the key
points of this interface will be given, including data
throughput rates.

Interface Details

The LTC1290has two clock lines; ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a synchronous, full
duplex format over DINand DOUT.

cs TlEVT

SClK SPIClK

D'N SPISIMD

Dour SPISDMI

AClK T2IC2/PWM
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The TMS370C050 has a Serial Peripheral Interface (SPI)
which is a synchronous, full duplex, serial port that allows
the user to construct a simple communication path to the
LTC1290.SPI provides clock, data in and data out lines
that are compatible with the LTC1290.The only additional
line required is one programmable output pin (T1EVT) to
control CS on the LTC1290.The TMS370C050has two on
board timers and one of them can be used to provide
ACLK through pin T2IC2/PWM.The schematic of Figure 1
shows how the two devices are connected.

Hardware Description

The code for this interface was developed on a TMS370ap·
plication board. The TMS370C050was used in the micro·
processor mode which requires MC (pin 6) be tied high.
External memory was used to store the program.

The timing diagram of Figure 2 was obtained with an
HP1631A logic analyzer using a 2.5MHz ACLK. The
TMS370C050clock was 20MHz.



Application Note 36C

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1290please see the
data sheet.

Software Description

The software configures and controls the SPI of the
TMS370C050. Additionally, the software manipulates
T1EVT (CS of the LTC1290),generates ACLK via pin
T2IC2/PWMand generates a delay during which time the
LTC1290performs a conversion.

The System Control and Configuration Control Register 2
(SCCR2)is first configured so the system is operating in
the privilege mode. Next the code configures the Timer 2
module to generate a 2.5MHzACLK. The T2 Compare Reg·
isters are loaded with a one. This will generate an ACLK
with a frequency equal to one half the internal proces·
sor clock (one fourth the crystal frequency). Next the
T2IC2IPWMpin is enabled to toggle. Then the pin is con·
figured as an output with the T2IC2/PWMfunction.

Next the SPI clock is enabled then the SOMI and SIMa
functions are enabled. The SPI Configuration Control
Register (SPICCR)is set for eight bit character length, an

SPI clock that is 1/16of the crystal frequency, input data
transfer on the rising edge, output data transfer on the
falling edge and initialization of the SPI. The SPI Opera·
tion Contol Register (SPICTL) is set to disable the SPI
interrupt, enable transmission and place the SPI in the
master mode. Finally the SPI is enabled.

The T1EVTpin on Timer Module 1 is configured as an out·
put pin and CS is made to go low or high by placing a "0"
or "1" in the T1EVTDATAOUT bit of the Timer 1 Port Con·
trol Register 1 (T1PC1). A DIN word that configures the
LTC1290for CH7 with respect to COM, unipolar, MSB first
and a 16·bitword length is shown in Figure 3.

T1EVT is made to go low. DINfor the LTC1290is loaded
into the serial data register (SPIDAT). Storing DIN in
SPIDATcauses the transfer to begin. After waiting for the
first eight bits to be transferred (3 Nap's) the first eight
bits containing the MSB's of the LTC1290are read from
the receive data buffer register (SPIBUF) and stored in
register 20 as shown in Figure 4. The SPliNT FLAG in the
SPICTL register is reset when the data is read from the
SPIBUF. The LSB's are transferred in the same manner
and are stored in register 21. The data at this point is
stored left justified.

Isb
LSB OJJIIIQJ--fil-Ie-d w-it-h-Os- R021

Figure 4. Memory Map



At this time 52 ACLK cycles must be allowed for the AID to
perform its next conversion. Usually the processor will
have other tasks to perform during this time. If this is not
the case a string of NOP's or a simple delay loop can be
used to generate this delay. The code is shown in Figure 5
and a delay loop has been chosen for the AID conversion.

LABEL MNEMONIC
MOV #001h,P012

COMMENTS
;CONFIGURATION DATA FOR SCCR2

;CONFIGURE T2IC2IPWM
MOV #OOOh,P062
MOV #001h,P063
MOV #070h,P06C
MOV #030h,P06E

PIN FOR ACLK
;LOAD MSB DATA FOR COMPARE REG
;LOAD LSB DATA FOR COMPARE REG
;CONFIGURATION DATA FORT2CTL3
;CONFIGURATION DATA FORT2PC2

Application Note 36C

Power Shutdown

The TMS370C050can be placed in one of three power reo
duction modes by configuring the SCCR2 register and
issuing the IDLE command. Placing the TMS370C050 in
the HALTmode reduces the supply current to its minimum
power down value of 50JLA. Therefore incorporating this
with the power shutdown feature of the LTC1290(typically
5JLA in shutdown) it is possible to build a system that
draws very low current when not in use. Figure 6 shows
such a sequence. An external interrupt is required for the
TMS370C050 to exit from the HALT mode. Then three
conversion cycles are required to obtain the required data
from a measurement and then enter the power shutdown
mode again. The data is valid on the second conversion.

MOV #002h,P03D ;ENABLE SPI CLOCK
MOV #032h,P03E ;ENABLE SOMI AND SIMO
MOV #OCFh,P030 ;CONFIGURATION DATA FOR SPICCR
MOV #OO6h,P031 ;CONFIGURATION DATA FOR SPICTL
MOV #OOFh,P030 ;ENABLESPI

START MOV #001h,P04D ;T1EVT GOES LOW (CS GOES LOW)
MOV #OFFh,P039 ;LOAD DININTO SPIDAT START SCLK

NOP ;3 NaP'S FOR TIMING

MOV P037,R020 ;STORE MSB'S IN REGISTER 20
MOV #OOOh,P039 ;START NEXT SPI CYCLE

Nap ;3 Nap's FOR TIMING

MOV P037,R021 ;STORE LSB'S IN REGISTER 21
MOV #005h,P04D ;T1EVT GOES HIGH (CS GOES HIGH)

;AJD CONVERSION DELAY LOOP
MOV #002h,R023 ;LOAD DATA IN DELAY COUNTER

DELAY DEC R023 ;DECREMENT COUNTER Figure 6. Power ShutdownCMP #OOOh,R023 ;COMPARE COUNTER WITH ZERO
JNZ DELAY ;IF NOT ZERO RETURN TO DELAY
JMPL START ;RETURN FOR NEXTSPI CYCLE

Figure 5. TMS370C050 Code
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The third conversion is required because when power
shutdown is requested (DIN= #OFD) the data from the
previous conversion is output as a 10-bit word. The bottom
trace shows the supply current for the LTC1290during
shutdown and then during conversion. Note there is no
wait required for the LTC1290to start a conversion after
exiting from the shutdown mode. The time required for
applying an external interrupt, making a measurement,
storing the data and entering the shutdown mode is ap-
proximately 125/Ls. The code is shown in Figure 7.

LABEL MNEMONIC
.DATA 7FF8h
.BYTE 70h,OOh
.TEXT 7000h

COMMENTS
;SET INTERRUPT 3 VECTORWH EN
;PROCESSORCOMES OUT OF HALT MODE

;INTERRUPT SERVICE ROUTINE EXECUTED
;WHEN PROCESSORCOMES OUT OF HALT
;MODE

MOV #005h,P019 ;CLEAR INTERRUPT FLAG
RTI ;RETURN FROM INTERRUPT

BEGIN
EINT
MOV
MOV

;MAIN PROGRAM
;ENABLE INTERRUPTS

#005h,P04D ;CS GOES HIGH
#00lh,P012 ;CONFIGURATION DATA FOR SCCR2

;CONFIGURET2IC2IPWM PIN FOR ACLK
MOV #OOOh,P062 ;LOAD MSB DATA FOR COMPARE REG.
MOV #00lh,P063 ;LOAD LSB DATA FOR COMPARE REG.
MOV #070h,P06C ;CONFIGURATION DATA FORT2CTL3
MOV #030h,P06E ;CONFIGURATION DATA FORT2PC2

MOV #002h,P03D ;ENABLE SPI CLOCK
MOV #032h,P03E ;ENABLE SOMI AND SIMO
MOV #OCFh,P030 ;CONFIGURATION DATA FOR SPICCR
MOV #OO6h,P031 ;CONFIGURATION DATA FOR SPICTL
MOV #OOFh,P030 ;ENABLE SPI

START EINT ;ENABLE INTERRUPTS
MOV #002h,R025 ;SET LOOP REG.TO 2(WILL LOOP 2 TIMES)

LOOP MOV #00lh,P04D ;T1EVTGOES LOW(Cs GOES LOW)
MOV #OFFh,P039 ;LOAD DININTO SPfDATSTARTSCLK

NOP ;3 NOP'S FORTIMING

MOV P037,R020 ;STORE MSB'S IN REGISTER20
MOV #OOOh,P039 ;STARTNEXT SPI CYCLE

Summary

A four wire interface between the LTC1290 and the
TMS370C050with a combined data conversion and data
transfer rate of 42/Ls was demonstrated. The interface
used the serial (SPI)port of the TMS370C050.The 12 data
bits of the LTC1290are shifted MSB first in two a·bit trans-
fers. The data is stored left justified in the TMS370C050's
internal registers. By using the power reduction mode of
the TMS370C050and the power shutdown feature of the
LTC1290a low power system was shown to make a meas·
urement in 125/Ls when active.

LABEL MNEMONIC COMMENTS
NOP ;3 NOP'S FOR TIMING

P037,R021 ;STORE LSB'S IN REGISTER21
#005,P04D ;T1EVTGOES HIGH (CS GOES HIGH)

;AlD CONVERSION DELAY LOOP
#002h,R023 ;LOAD DATA IN DELAYCOUNTER
R023 ;DECREMENT COUNTER
#OOOh,R023 ;COMPARE COUNTER WITH ZERO
DELAY ;IF NOT ZERO RETURNTO DELAY

MOV
DELAY DEC

CMP
JNZ

;STARTPOWER SHUTDOWN CONVERSION
MOV #00lh,P04D ;T1EVTGOESLOW(CsGOESLOW)
MOV #OFDh,P039 ;LOAD DINFOR POWERSHUTDOWN

NOP ;3 NOP'S FOR TIMING

MOV P037,R022 ;CLEAR SPIBUF
MOV #OOO,P039 ;STARTNEXT SPI CYCLE

NOP ;3 NOP'S FOR TIMING

MOV P027,R022 ;CLEAR SPIBUF
MOV #005h,P04D;T1 EVTGOES HIGH (CS GOES HIGH)

MOV #OCOh,P012 ;PUTTMS370C050 IN HALT MODE
IDLE

;AFTER EXTERNAL INTERRUPT JUMPTO
;START



Interfacing the LTC1290
to the COP820C MCU

Sammy Lum
Tim Rust

Introduction

This application note describes the hardware and software
required for communication between the LTC1290 12·bit
data acquisition system and the National Semicon·
ductor COP800 microcontroller family which uses the
MICROWIREIPLUSserial interface. The simple four wire
interface is capable of completing a 12·bit conversion and
shifting the data in 37/ls. Configuration of the LTC1290and
the COP820Cwill be discussed as it applies to this inter·
face. Schematics, code, and timing diagrams will be shown.
Finally, a summary of the key points of this interface will be
given including data throughput rates.

Interface Details

The LTC1290 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DINand Dour.

The National Semiconductor MICROWIRE/PLUS is a syn·
chronous, full duplex, serial port built into the COP800
family that allows easy interface to the LTC1290.
MICROWIREIPLUS provides clock, data in and data out
lines that are compatible with the LTC1290.One additional
line (G1) is required to control the CS pin on the LTC1290.
The schematic of Figure 1 shows how the two devices are
connected.

LTC1290 COPB20C

~ G1

..~~[. SCLK SK

INPUTS : D'N so.
Dour SI

Figure 1. Schematic

1.'~J[J~
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Hardware Description

The actual interface was done using the COP820C,a memo
ber of the COP800family. All code shown here should work
with any of the COP800family.

The code for this interface was developed on a COP820
evaluation board operated in the emulation mode.

The timing diagram of Figure 2 was obtained with an
HP1631Alogic analyzer using a 4MHz ACLK. The COP820C
clock was 10MHz.To obtain a 37/ls transfer time it is neces-
sary to run the COP820Cat 20MHz which requires a high
speed version of the part.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1290 please see the
data sheet.

Figure 2. Timing Diagram

Software Description

The software configures and controls the MICROWIREI
PLUS serial interface of the COP820C. Additionally, the
software manipulates G1 (CS of the LTC1290)and gener·
ates a delay during which time the LTC1290 performs a
conversion.
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The code first loads the LTC1290 DINword into memory
location $FO. This DIN word configures the LTC1290 for
CHOwith respect to CH1, MSB first, unipolar and 16 bits
as shown in Figure 3. Next port G is configured for
MICROWIRETMmaster mode and G1 is configured as an
output. The control register is initialized so that SO and SK
are outputs. The port G data register address is loaded
into the B register. At this point the COP820Cis initialized
and the data transfer process is ready to begin.

The DINword for the LTC1290is then loaded into the ACC
from location $FO.G1(CS)is cleared and DINis transferred
into the MICROWIRE shift register. The BUSY bit of the
PSW register is set which starts the transfer of the first
eight bits. A delay consisting of 15 NOPs waits for the
data shift to finish at which time the DOUTword from the
LTC1290is loaded into the ACC. The busy bit is set again
which causes the transfer to continue. Then, the DOUT
word in the ACC is stored in location $F3. The busy bit is
cleared which halts the transfer. G1 (CS) is set and the
contents of the MICROWIRE shift register are swapped
with those of the ACC. The contents of the ACC are then
stored in $F4. The data at this point is left justified as
shown in Figure 4.

52 ACLK cycles must be allowed between transfers for the
AID to perform its next conversion. The instructions, after
G1 is set, take enough time so that no additional delay is
required by this program.

MNEMONIC
LD(FO)-OF
LD(05)-32
LD(EEH
LD(B)-D4
LD(A)-(FO)
RBIT1
X (A)--(E9)
LD(B)-EF
SBIT2

COMMENTS
LOAD OFINTO FO(DIN)
CONFIGURE PORT G
CONFIGURE CONTROL REG.
PORT G DATA REG. INTO B
LOAD DININTO ACC
G1 RESET (CS GOES LOW)
LOAD DININTO SHIFT REG.
LOAD PSW REG ADDR IN B
TRANSFER BEGINS

X (A)--(E9)
SBIT2

LOAD Dour INTO ACC
TRANSFER CONTINUES

X (A)--(F3) LOAD Dour IN ADDR F3
LD (B)-D4 PUT PORT G ADDR IN B
SBIT 1 G1 SET (CS GOES HIGH)
X (A)- -(E9) LOAD Dour INTO ACC
X (A)- -(F4) LOAD Dour IN ADDR F4

Figure 5. COP820C Code
Power Shutdown

The LTC1290can be shutdown by inputing the appropriate
DINword (OD).A dummy conversion prior to a request for
power shutdown is required because the data from the
previous conversion will be shifted out as a 10·bit word
during the power shutdown request. Upon power up the
LTC1290is ready for conversion and the DOUTword will be
valid on the second request for conversion.

Summary

A four wire interface between the LTC1290 and the
COP820C with a combined data conversion and transfer
time of 37p.swas demonstrated. The interface used the
MICROWIRE/PLUS serial port of the COP820C. The 16
data bits of the LTC1290are shifted MSB first in two 8·bit
transfers. The data is stored left justified in the
COP820C's internal RAM.

Reference

Hoover, Guy and Rempfer, William, "Interfacing the
LTC1090 to the COP820C MCU," Application Note 26D,
Linear Technology Corp.



Interfacing the LTC1290
to the TMS7742MCU
SammyLum
Tim Rust
Introduction

This application note describes an interface between the
LTC1290 12·bit data acquisition system and the TMS7000
family of microcomputers (e.g.,TMS7742).The simple four
wire interface is capable of completing a 12·bit conversion
and shifting the data to the TMS7742 in 102/ls. Configura-
tion of the LTC1290and the TMS7742 will be discussed as
it applies to this interface. Schematics, code, and timing
diagrams will be shown. Finally, a summary of the key
points of this interface will be given including data
throughput rates.

Interface Details

The LTC1290 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DINand DOUT.

The TMS7742 contains a synchronous, full duplex, serial
port that allows the user to construct a simple com·
munication path to the LTC1290.The serial port provides
clock, transmit, and receive lines that are compatible with
the LTC1290.The only additional line required is one pro-
grammable output pin (AO)to control CS on the LTC1290.
The schematic of Figure 1 shows how the two devices are
connected.

Hardware Description

The TMS7742 was chosen because it contains 4k of
EPROM which can be programmed using a standard

LTC1290 TMS7742

cs AD. ( SCLK SCLK
ANALOG •
INPUTS : D'N TXD

Dour RXD

Figure 1. Schematic
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TMS7000

EPROM programmer. Any member of the TMS7000 family
which contains a serial port should be able to use this
code with only modifications to the peripheral register
numbers.

The timing diagram of Figure 2 was obtained using an
HP1631A logic analyzer. ACLK of the LTC1290 was 4MHz
and the TMS7742 clock was 5MHz.

The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1290 please see the
data sheet.

Software Description

The software configures and controls the serial port of the
TMS7742. Additionally, the software manipulates AO (CS
of the LTC1290)and generates a delay during which time
the LTC1290performs a conversion.

The code first disables all interrupts and initializes the
stack. Next the serial port is configured. Tx is enabled, the
serial port is reset, and the SMODE register is configured
for eight bits, no parity, and one stop bit. The SCLK rate is



Application Note 36E

set to the processor clock frequency divided by 4. The DIN
word of the LTC1290 is next loaded into the ACC. This DIN
word ($DF)configures the LTC1290for CH7 with respect to
COM, unipolar mode, LSB·first and a 16·bit word length.
Examine Figure 3 to see how this is constructed keeping
in mind that the TMS7742transmits data LSB·first.

A subroutine SXTNBIT is called next. This is a routine that
does the actual data shifting. AO(CS)is cleared. Then, the
LTC1290 DINword is placed into the transmit buffer. The
serial port is turned on and the data is shifted while the
processor idles in a loop. The first eight bits containing
the LSBs are then placed in the B register. The procedure
is repeated for the next eight bits which contain the four
MSBs and the result is placed in the A register. AO(CS) is
then set and the subroutine returns to the original pro·
gram. The data in the A and B registers is then stored in R5
and R6.

At this time 52 ACLK cycles must be allowed for the AID to
perform its next conversion. Enough time is consumed by
this program however that no additional delay for the
conversion is required. Branching back to the label LOOP
starts the next conversion.

DOUTfrom LTC1290stored in TMS7742 RAM
Figure 4. Memory Map

Power Shutdown

The LTC1290can be shutdown by inputting the appropri-
ate DINword (9F).A dummy conversion prior to a request
for power shutdown is required because the data from the
previous conversion will be shifted out as a 10·bit word
during the power shutdown request. Upon power up the
LTC1290is ready for conversion and the DOUTword will be
valid on the second request for conversion.

Summary

A four wire interface between the LTC1290 and the
TMS7742 with a combined data conversion and transfer
time of 102jls was demonstrated. The interface used the
serial port of the TMS7742. Because the serial port trans·
fers data LSB·first, care must be taken to properly con·
struct the DINword so that the bits are transmitted in the
proper order to the LTC1290. The 12 data bits of the
LTC1290 are shifted LSB·first in two a·bit transfers. The
data is stored right justified in the TMS7742's internal
RAM.

Reference

Hoover, Guy and Rempfer, William, "Interfacing the
LTC1090 to the TMS7742 MCU," Application Note 26E,
Linear Technology Corp.

LABEL MNEMONIC COMMENTS
START DINT DISABLES ALL INTERRUPTS

MOVP %>2A,PO DISABLE INTERRUPT FLAGS
MOVP %>02,P16 DISABLE INTERRUPT FLAGS
MOV %>60,8 ADDRESS OF STACK
LDSP PUT ADDRESS INTO POINTER
MOVP %>DF,PS CONFIGURE PCRT A
MOVP %>08,P6 ENABLE Tx BY SETTING B3 = 1
MOVP %>OO,P17 P17 PCINTS TO SCTLO
MOVP %>40,P17 RESET THE SERIAL PORT
MOVP %>OC,P17 CONFIGURE THE SERIAL PORT
MOVP %>OO,P21 TURN START BIT OFF
MOVP %>OO,P17 ENABLE THE SERIAL PORT
MOVP % >OO,P20 SET SCLK RATE (TIMER 3)
MOVP % >CO,P21 STARTTIMER

LOOP MOV %>DF,A LOAD LTCl290 D'N WORD IN A
CALL SXTNBIT ROUTINE THAT SHIFTS DATA
MOV B,RS PUT FIRST 8 LSBs IN RS
MOV A,R6 PUT MSBs IN R6
BR @LOOP NEXT CONVERSION

SXTNBIT ANDP %>FE,P4 AO CLEARED (CS GOES LOW)
MOVP A,P23 PUT LTCl290 D'N INTO TXBUF
MOVP %>40,P21 SCLK OFF (TIMER 3 DISABLED)
MOVP % > 17,P17 ENABLE SERIAL PORT
MOVP %>CO,P21 SCLK ON (TRANSFER BEGINS)
MOVP %>14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAin DJNZ A,WAln LOOP WHILE SHIFT OCCURS
NOP DELAY
MOVP P22,B PUT DOUT FROM LTC1290 IN B
MOVP A,P23 LOADTXBUF
MOVP %>40,P21 SCLK OFF (TIMER 3 DISABLE)
MOVP %>17,P17 ENABLE SERIAL PORT
MOVP %>CO,P21 SCLK ON (TRANSFER BEGINS)
MOVP %>14,P17 TXEN GOES LOW
MOV %>02,A LOAD COUNTER

WAIT2 DJNZ A,WAIT2 LOOP WHILE SHIFT OCCURS
NOP DELAY
MOVP P22,A PUT DOUT FROM LTC1290 IN A
ORP %>01,P4 AO SET (CS GOES HIGH)
RETS RETURN TO MAIN PROGRAM

Figure 5. TMS7742 Code
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Interfacing the LTC1290
to the COP402N MCU
Sammy Lum
Tim Rust
Introduction

This application note describes the hardware and software
required for communication between the LTC1290 12-bit
data acquisition system and the National Semi-
conductor COP400 microcontroller family which uses the
MICROWIREserial interface. The simple four wire interface
is capable of completing a 12·bit conversion and shifting
the data in 100/ls. Configuration of the LTC1290and the
COP402N will be discussed as it applies to this interface.
Schematics, code, and timing diagrams will be shown.
Finally, a summary of the key points of this interface will be
given including data throughput rates.

Interface Details

The LTC1290 has two clock lines: ACLK and SCLK. ACLK
controls the AID conversion rate while SCLK controls the
data shift rate. Data is transferred in a full duplex format
over DINand Dour.

The National Semiconductor MICROWIRE interface is a
synchronous, full duplex, serial port built into the COP400
family that allows the user to easily interface to the
LTC1290. MICROWIRE provides clock, data in and data
out lines that are compatible with the LTC1290.One addi-
tional line (GO) is required to control the CS pin on the
LTC1290. The schematic of Figure 1 shows how the two
devices are connected.

LTC1290 COP402

cs GO

~oo[· SCLK SK

INPUTS : DIN SO.
Dour SI

Figure 1. Schematic
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Hardware Description

The actual interface will involve using the COP402N, a
member of the COP400family. All code shown here should
work with any of the COP400family.

The code for this interface was developed on a COP400
evaluation board which allows an external EPROM to be
used in place of the internal processor ROM.

The timing diagram of Figure 2 was obtained with an
HP1631Alogic analyzer using a 4MHz ACLK. The COP402N
clock was 4MHz.

The analog section of the schematic in Figure 1 is omitted
for clarity. For a complete discussion of the analog con-
siderations involved in using the LTC1290 please see the
data sheet.

Figure 2. Timing Diagram
Software Description

The software configures and controls the MICROWIRE
serial interface of the COP402N.Additionally, the software
manipulates GO (CSof the LTC1290)and generates a delay
during which time the LTC1290performs a conversion.

The code first initializes the B register and then loads the
LTC1290DINword into the RAM of the COP402one nibble
at a time. As shown in Figure 3 the DINword configures the
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LTC1290for CHOwith respect to COM, unipolar, MSB first,
and 12 bits. SO is configured as an output. The carry is set
so that when an XAS instruction is generated the shift
clock (SK)will begin clocking data.

The first nibble of the DINword is loaded into the ACC and
GO(CS) is cleared. The DINnibble is loaded into the shift
register and the data begins to shift. The second nibble of
the DINword is loaded into the ACC. One NOP is allowed
for liming and then the contents of the ACC are swapped
with those of the shift register. The MSBs of the LTC1290
DOUTword are now in the ACC. This data is then stored in
memory location $13. The ACC is loaded with null data
from RAM and another swap between the ACC and the
shift register is executed. The next DOUTnibble is stored in
$14. The carry is cleared so that on the next XAS instruc-
tion the shift clock will stop. The XAS instruction is
executed and the final nibble of the LTC1290 DOUTword
containing the LSBs is loaded into the ACC. GO (CS) is
taken high and the AID begins its next conversion cycle.
The third DOUTnibble is stored in location $15.The B regis-
ter is then reinitialized so that when the loop is run again
the data will always be stored in the same memory loca-
tions. The DOUTdata from the LTC1290 is now in a left
justified format as shown in Figure 4.

52 ACLK cycles must be allowed between transfers for the
AID to perform its next conversion. The instructions, after
GOis set, take enough time so that no additional delay is
required by this program.

$10
o 0

COMMENTS
MUST BE FIRST INSTRUCTION
BR = 1 BD = 0 INITIALIZE B REG.
FIRST DINNIBBLE IN $10
SECOND DINNIBBLE IN $11
NULL DATA IN $12, B =$13
SET EN TO (1100) BIN
CARRY SET

1,0 LOAD FIRST DINNIBBLE IN ACC
o GO (CS) CLEARED

ACC TO SHIFT REG. BEGIN SHIFT
LOAD NEXT DINNIBBLE IN ACC
TIMING
NEXT NIBBLE, SHIFT CONTINUES

o FIRST NIBBLE DOUTTO$13
1,2 PUT NULL DATA IN ACC

SHIFT CONTINUES, DOUTTO ACC
NEXT NIBBLE DoUTTO $14
CLEAR CARRY
CLEARACC
THIRD NIBBLE DOUTTO ACC

1 GO(CS) SET
o THIRD NIBBLE DOUTTO $15
1,3 SET B REG. FOR NEXTLOOP

Figure 5. COP402Code
Power Shutdown
The LTC1290can be shutdown by inputing the appropriate
DINword (D for the second nibble). A dummy conversion
prior to a request for power shutdown is required because
the data from the previous conversion will be shifted out
as a 10-bit word during the power shutdown request. Upon
power up the LTC1290 is ready for conversion and the
DOUTword will be valid on the second request for
conversion.

MNEMONIC
CLRA
LBI
STII
STII
STII
LEI
SC
LDD
OGI
XAS
LDD
NOP
XAS
XIS
LDD
XAS
XIS
RC
CLRA
XAS
OGI
XIS
LBI

Summary
A four wire interface between the LTC1290 and the
COP402N with a combined data conversion and transfer
time of 100p.swas demonstrated. The interface used the
MICROWIRE serial port of the COP402N.The 12 data bits
of the LTC1290 are shifted MSB first in three 4-bit trans-
fers. The data is stored left justified in the COP402N's in-
ternal RAM. The code demonstrated will work on any
member of the COP400family.

Reference
Hoover, Guy and Rempfer, William, "Interfacing the
LTC1090 to the COP402N MCU," Application Note 26F,
Linear Technology Corp.

MSB
~$13

~$14

LSB
~$15

DOUTfrom LTC1290stored in COP402RAM
Figure 4. Memory Map



Interfacing the LTC1290
totheZ-80 MPU
SammyLum
Tim Rust

Introduction

This application note describes an interface between the
LTC129012·bit data acquisition system and the Z·80 mi·
crocomputer. The interface is capable of completing a
12·bit conversion and shifting the data to Z·80 in 260/ls.
Configuration of the LTC1290 and the Z·80 will be dis·
cussed as it applies to this interface. Schematics, code,
and timing diagrams will be shown. Finally, a summary of
the key points of this interface will be given, including
data throughput rates.

Interface Details

The LTC1290has two clock lines: ACLK and SCLK. ACLK
controls the A/D conversion rate while SCLK controls the
data shift rate. Data is transferred serially in a syn·
chronous, full duplex format over DINand DOUT.

The Z·80does not have a serial port. Therefore it is neces·
sary for the user to construct a serial port with TIL gates
as shown in the schematic of Figure 1.

D PR
D DIN

eLK eLR v'"
1/2 74lS74 74LS126

DOUT

lDOk ''''Vcc
~ lTCl290

D PR
D CS

eLK eLR v'"
1/2 14LS74

Application Note 360
February 1990

Hardware Description

CS is set or cleared by placing a 1or a 0 on address line AO
and writing to an I/O port that has an even address of 128
or higher. The LTC1290SCLK is generated by reading from
an I/O port that has an address greater than 128. Data is
clocked into the LTC1290one bit at a time by placing the
desired bit on D7 of the Z·80 and writing to any memory
location. The serial data output of the LTC1290is fed into
DOof the Z·80through the 74LS126.The 74LS126prevents
the LTC1290from writing to the data bus of the Z·80except
when the microprocessor requires data from the A/D. The
ACLK of the LTC1290is also the clock for the Z·80.

The code for this interface was developed on a Multitech
MPF·1single board development system.

The timing diagram of Figure 2 was obtained with an
HP1631Alogic analyzer. The Z·80clock rate was 1.79MHz.
Using a Z·80B and running it at a 6MHz clock rate, it is
possible to reduce this time to approximately 100/ls.This
would require generating ACLK externally or dividing
down the ~ signal.

Figure 2. Throughput Time is Limited by the Z·BOMPU. A 12·8it
Conversion Result is Transmitted Every 260/Ls.
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The analog section of the schematic of Figure 1 is omitted
for clarity. For a complete discussion of the analog con·
siderations involved in using the LTC1290please see the
data sheet.

Software Description

The software serially shifts the DINconfiguration word to
the LTC1290 while simultaneously reading the previous
data back. Additionally, the software waits while the
LTC1290 performs its next conversion before attempting
the next data exchange cycle.

The Z-80 code is shown in Figure 5. First the C register is
cleared. The D register is loaded with the DINword (FEH)
for the LTC1290. This word as shown in Figure 3 config-
ures the input MUX of the LTC1290 to accept a signal on
CH7 with respect to COM, perform a unipolar conversion
and shift the data out MSB·first as a 12·bit word. Next CS
is brought low by writing to I/O port 128 (80H).The MSB of
the D register containing the DINword is the output on bit
7 of the data bus of the Z-80. The first bit of the LTC1290
Dour word is then read into the A register. The act of read-
ing this bit also generates an SCLK pulse. The Dour bit is
then shifted into the carry bit and from there it is rotated
into the LSB of the B register. This process is repeated
seven more times until the DINbits have been shifted out
and the 8 MSBs of the Dour word have been shifted into
the B register. The last four bits of the Dour word are then
shifted through the carry bit into the LSB position of the C
register. Then it is rotated right through the carry bit into
the four MSB positions of the C register. CS is then
brought high. The 12·bit Dour word is now stored left justi-
fied in the Z·80as shown in Figure 4.

B REG B

LSB
ITITIJIQJ-Fl-LL-ED-W-IT-H Z-ER-O-SI REGC

Dour from LTC1290stored in Z-80 registers
Figure 4. Memory Map 01 Z·BO

After the last SCLK pulse is ended, 52 ACLK cycles must
be allowed for the LTC1290 to perform the dllsirlld AiD
conversion. During this time CS is taken high. The soft-
ware must ensure that this occurs.
Power Shutdown

The LTC1290 can be shutdown by inputting the appropri·
ate DINword (FDH).A dummy conversion prior to a request
for power shutdown is required because the data from the
previous conversion will be shifted out as a 10-bit word
during the power shutdown request. Upon power up, the
LTC1290 is ready for conversion and the Dour word will be
valid on the second request for conversion.
Summary

An interface between the LTC1290 12-bit data acquisition
system and the Z·80microprocessor with a combined data
conversion and transfer time of 260/Lswas demonstrated.
The interface used four 74LS chips to interface the two de-
vices. The 12 data bits of the LTC1290 are shifted MSB·
first one bit at a time. The data is stored left justified in the
Z·BO'sinternal registers.
Reference

Hoover, Guy, "Interfacing the LTC1090 to the Z·80," Ap-
plication Note 260, Linear Technology Corp.

LABEL MNEMONIC
BEGIN LD C,OOH

LD D,FE
OUT (80H),A

COMMENTS
INITIALIZE REG C
LOAD DININ REG D
CSGOESLOW

BLOCK1 LD
IN
RRA
RL
RLC

(HL),D OUTPUT DINBIT
A,(80H) READ DOOTBIT AND OUTPUT ONE SCLK

SHIFT DATA TO CARRY
SHIFT DATA TO REG B
SHIFT D'NWORD LEFT

BLOCK2 IN A, (80H) READ Dour BIT AND OUTPUT ONE SCLK
RRA SHIFT DATA TO CARRY
RL SHIFT DATA TO REG C

RR C
RR C
RR C
RR C
OUT (81H)

SHIFT REG C DATA RIGHT
SHIFT REG C DATA RIGHT
SHIFT REG C DATA RIGHT
SHIFT REG C DATA RIGHT
CSGOESHIGH
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Fast Charge Circuits for NiCad Batteries

Safe, fast charging of NiCad batteries is attractive in many
applications. Short charge time requires high current. A
potential difficulty with high current charging is battery
heating. Excessive internal heating degrades the battery
and can cause gas venting to the outside atmosphere.
Fast charge schemes based on monitoring cell voltage
during charge suffer because cell voltage is not necessar·
ily indicitive of the battery's charge state. Additionally, the
battery's charge·voltage relationship may alter over life
and temperature. Similarly, open loop charging techniques
involving high charge rates for a fixed time do not account
for battery charge state or characteristic shifts over life
and temperature.

One way to charge batteries without abuse is to measure
cell temperature and taper the charge accordingly. This
method is based on the fact that a discharged battery con·
verts charging current to stored electrochemical energy,
with relatively little heat produced. When the battery ar·
rives at full charge the cell is saturated and cannot hold
any more energy. As such, heat is produced, raising bat·
tery temperature. One way to detect this point is to
measure cell surface temperature referred to ambient.
An absolute temperature measurement is undesirable

because cell temperature represents the summation of ex·
cess charging energy and ambient temperature. Addi·
tionally, the ambient and battery temperatures must be
measured in phase. The thermal time constant of a battery
pack can easily exceed one hour. If battery temperature is
referred to a quickly responding ambient temperature poor
charging characteristics can result. Consider the case of a
portable computer retrieved from a locked automobile on
a summer day. Passenger compartment temperature can
exceed 120°F.The computer is brought inside, where the
ambient temperature sensor quickly settles to 73°F. The
battery pack temperature is sitting at 120°F looking
through a one hour thermal time constant. Under these
conditions the system is fooled into believing the battery
has just received a full charge, and no charge is delivered.
The opposite effect occurs if the computer is in a car
parked overnight in Minneapolis in January. These effects
are avoidable by lagging the ambient temperature in·
formation with a time constant similar to the battery
packs. Figure 1 shows a simple analog. The resistors
represent thermal resistance while the capacitors corre·
spond to thermal capacitance. Ambient temperature ap·
pears as a common mode term, while charger energy
affects the battery only. Note that the ambient and battery

CHARGER BATIERY

~~~~~~ /' b~~~~I~;NCE

BATIERY
TEMPERATURE
RISE OVER
AMBIENT
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temperatures do not require the same individual R·Cval·
ues to present phased information to the difference am·
plifier. Rather, their RC products must be matched. A
massive battery pack with relatively low thermal reo
sistance to ambient can be matched by the time constant
of a well insulated (e.g., high thermal resistance) small
thermal mass.

Practical Thermally Based NiCad Charger

Figure 2 shows a practical circuit. Thermocouples sense
cell and ambient temperatures. The LT1006amplifier fur·
nishes the low level capability necessary to work with the
microvolt level thermocouple signals. To understand the
circuit's operation, assume a discharged battery pack in
the transistor collector line. The battery and ambient
thermocouples are at the same temperature. The battery
thermocouple is directly mounted to one of the cells in the
pack. The ambient thermocouple is thermally insulated
and mounted to a mass, perhaps a frame member of the
equipment. Under these conditions the sensors are phase
matched, their outputs cancel and A1 sees OV.The offset
adjustment deliberately introduces enough input offset
for A1 to swing positively, turning on the transistor. Cur·
rent flows from the supply, through the battery pack and to
ground via the 250110*shunt. The low impedance shunt
minimizes losses, cost, and complexity. The voltage
across the shunt rises to about 6251lV(the amount of off·
set forced by the potentiometer), and the amplifier servo
controls about 2.5A through the battery pack. As the bat·
tery charges, it heats. This heat is picked up by the

r- -=- 6V NICAD

t + V -=- BATTERY PACK

BATTERY AMBIENT

- THERMOCOUPLES ARE TYPE K - .40,VI'C
- TRIMPOT MAY BE ELIMINATED - SEE TEXT
- CONNECT ALLGROUNDED POINTS

DIRECTLY TO SUPPLY - SEE TEXT

battery·mounted thermocouple. The temperature differ·
ence between the two thermocouples determines the volt·
age which appears at the amplifier's positive input. As
battery temperature rises, this small negative voltage (1°C
difference between the thermocouples equals 40IlV) be·
comes larger. The amplifier gradually reduces the current
through the battery to maintain its inputs at balance. The
effect of this action is shown in Figure 3. The battery
charges at a high rate until heating occurs and the circuit
then tapers the charge. The values given in the circuit limit
the battery surface temperature rise over ambient to about
WC.
Figure 4's circuit is arranged for use with batteries which
are committed to ground. The common emitter output ne·
cessitates exchanging amplifier input assignments, but
circuit operation is identical to Figure 2. In both circuits
the trimpot may be eliminated by specifying an LT1006set
at manufacture to the desired offset value.

2.6
2.4

~ 2.2
En 2.0
~ 1.8
~ 1.6
~ 1.4
~ 1.2
~ 1.0
ffi 0.8
ti: 0.6
'" 0.4

0.2
o
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TIME IN MINUTES
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,
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'~

i: ':" -=- 6V NICAD•...• .••....• .•••.... . ..............................••... .:.=.. BATTERY

-=- PACK

- TRIMPOT MAY BE ELIMINATED - SEE TEXT
- CONNECT ALL GROUNDED POINTS

DIRECTLY TO SUPPLY - SEE TEXT
- THERMOCOUPLES ARE TYPE K .4O,VI'C



The small shunt sense voltage requires a high quality
ground for accurate results. This ensures that the large
current flow through the transistor does not combine with
ground return impedances to create errors. In practice, all
returns should be brought directly back to the supply com·
mon terminal. Similarly, parasitic thermocouple effects
should be avoided (see LTCApplication Note 9 for a dis-
cussion on minimizing parasitic thermocouple effects).

Both circuits force the transistor to dissipate some power,
particularly in the middle of the charge curve. The heat
produced may be a problem in a very small enclosure.
Figure 5's circuit eliminates this problem. This design is
similar to the others, except that the A2 duty cycle
modulator configuration is interposed between A1and the
output transistor. The transistor, in this case a power FET,
operates in switched mode, delivering duty cycle modu-

Appl ication Note 37

lated current pulses to the battery pack. R7-C4filters the
switching waveform to DC. R6 and R7 present a balanced
source impedance to At C2 sets gain roll-off. This design
relies on the source impedance of the wall transformer to
limit the current through 01 and the battery pack. This
parameter may be set when specifying the transformer.
Figure 6 should be used in cases where the charging
source has low impedance. Here, the circuits output is
reconfigured as a simple step down switching regulator
(basic operation of step down switching regulators is de-
scribed in LTCApplication Note 35). The 74C04's provide
phase inversion and drive for 01, a P-channel MOSFET.
Figure 7 shows waveforms. Trace A is A2's output with
trace B showing 01's gate drive. Trace C is 01's drain volt-
age and trace D its current. Trace E is the MR850 catch
diode current. Trace F is L1's current. L1 smooths current
flow, resulting in low loss operation.

ACLI~ II ~~~~E~~~.

~ ~ ..L -==:- C5

r-------------------------------------------------: ~1~F: R2 RS-=--
: 500k lOOk
I Y·
I
I
I
I
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I

+
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0.1

- TRIMPOT MAY BE ELIMINATED - SEE TEXT
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- THERMOCOUPLES ARE TYPE K. 40,YI'C
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r---- - -- -- --- -----------Ai- -- - --- - -- -- -Ril-- - -- - --- -- --.,
: SOOk 51k
• 12V
I
I
I
I
I
I
I
I
I..

AMBIENT BATTERY

C2
0.1

- TRIMPOT MAY BE ELIMINATED - SEE TEXT
- CONNECT ALL GROUNDED POINTS

DIRECTLY TO SUPPLY - SEE TEXT
- 'CONNECT ALL SIX DEVICES IN THE

74C04 PACKAGE IN PARALLEL
- L1 = PULSEENGINEERING fPE·92105
- THERMOCOUPLESARETYPEK .40,VI'C

B='OVIDIV

C= 10VIDIV

D=4AIDIV

E=4A1DIV
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ON 2.5A LEVEl

Figure6. SwitchedModeThermalNiCadCharger Figure7. Figure6'sSwitchingWaveforms

Note - This application note was derived from a manuscript originally prepared for publication in EDN magazine.
Acknowledgement - Thecontributions of William Cho towards the completion of this Application Note are
gratefully acknowledged.

APPENDIXA

Construction of Low Resistance Shunts

A simple, inexpensive way to construct low resistance
shunts is to use a small length of wire or PC trace. The
type and length of wire determine shunt resistance, which
will vary with desired charging characteristics. Figure A1

WIREGAUGE p{lIlNCH
10 83
11 100
12 130
13 160
14 210
15 265
16 335
17 421
18 530
19 670
20 890
21 1000
22 1300
23 1700
24 2100
25 2700

gives resistance vs length characteristics for various wire
sizes. The shunt should have separate connections for
sensing (Kelvin style) so that the high current does not cor·
rupt readings. Figure A2 shows a typical configuration.

LENGTH DETERMINES

MAJOR r SHUNT VALUE 1MAJOR
CURRENT _ CURRENT_

FLOW FLOW

LOWRESISTANCEWIRE ~

SENSE SENSE
POINT POINT
WIRE WIRE

PRINTED 0Ilk;~l~~ JI ~l~~
CIRCUIT ~=====~

VERSION....... .••••••. ••••••.
MAJOR CURRENT FLOW
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FilterCAD is a computer-aided design program for use in
conjunction with the Linear Technology Corporation fam-
ily of switched-capacitor filter i.c.'s. Devices supported by
this version of FilterCAD include the lTC1059, 1059A,
1060, 1060A, 1061, 1061A, 1064, 1064A and 1164. Future
Linear Technology Corporation devices may be added
when available by means of the FilerCAD Device Parame-
ter Editor (see Appendix 1).

FilterCAD is designed to help users without special exper-
tise in filter design to design good filters with a minimum
of effort. It can also help experienced filter designers
achieve better results by providing the ability to play
"what if" with the values and configuration of various
components.

With FilterCAD, you can design any of the four major filter
types (Iowpass, highpass, bandpass, and notch), with
Butterworth, Chebyshev, Elliptic, or custom-designed
response characteristics. (Bessel filters can be realized by
manually entering pole and Q values, but FilterCAD can-
not synthesize a Bessel response in this version.)
FilterCAD is limited to designs which can be achieved by
cascading state-variable second-order sections. Filter-
CAD plots amplitude, phase and group-delay graphs,
selects appropriate devices and modes, and calculates re-
sistor values. Device selection, cascade order, and modes
can be edited by the user.

LICENSE AGREEMENT/DISCLAIMER

This copy of FilterCAD is provided as a courtesy to the
customers of Linear Technology Corporation. It is licensed
for use in conjunction with Linear Technology Corporation
products only. The program is not copy protected and you
may make copies of the program as required, provided
that you do not modify the program, and that said copies
are used only with Linear Technology Corporation
products.

While we have made every effort to ensure that FilterCAD
operates in the manner described in this manual, we do
not guarantee operation to be error free. Upgrades,
modifications, or repairs to this program will be strictly at

the discretion of Linear Technology Corporation. If you en-
counter problems in installing or operating FilterCAD, you
may obtain technical assistance by calling our applica-
tions department, at (408)432-1900,between 8:00 a.m. and
5:00 p.m. Pacific time, Monday through Friday. Because of
the great variety of IBM-compatible computer systems,
operating-system versions, and peripherals currently in
use, we do not guarantee that you will be able to use
FilterCAD successfully on all such systems. If you are un·
able to use FilterCAD, Linear Technology Corporation
does guarantee to provide design support for LTC filter
products by whatever means necessary.

Linear Technology Corporation (LTC)makes no warranty,
either expressed or implied, with respect to the use of
FilterCAD or its documentation. Under no circumstances
will LTCbe liable for damages, either direct or consequen-
tial, arising from the use of this product or from the inabil-
ity to use this product, even if we have been informed in
advance of the possibility of such damages.

Please check to be sure you have received the following
items:

This Manual
FilterCAD Program Disk
LTC Filter Application Notes and Data Sheets may be in-
cluded or, if they are not, may be requested from LTC.

The FilterCAD Diskette

Your FilterCAD distribution diskette includes the follow-
ing files. If, after installing the program, you havedifficulty
in running FilterCAD, check your disk to be sure all of the
necessary files are present.

README.DOC (Optional) if present, includes updated
information on FilterCAD not included
in this manual

INSTAll.BAT Automatic installation program - in-
stalls FilterCAD on hard drive

FCAD.EXE Main program file for FilterCAD
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Overlay file for FilterCAD - used by
FCAD.EXE

Encrypted copyright protection file -
DO NOTTOUCHI

Device-parameter file editor - used to
update FCAD.DPF (see Appendix 1)

Device-parameter file - holds data for
all device types supported by
FilterCAD

AT&T graphics adapter driver

IBM CGA or compatible graphics
driver

EGA and VGA graphics drivers

Hercules monochrome graphics driver

Identification file for all driver
specifications

AnDRV

CGA.DRV

EGAVGA.DRV

HERC.DRV

ID.DRV

A 31/2" diskette available upon special request contains
the following files in addition to those just mentioned:

IBM8514.DRV IBM8514 color graphics adapter driver

PC3270.DRV IBM PC3270color graphics adapter
driver

Note: Once you have configured FilterCAD and selected
your display type, you can delete unnecessary drivers if
you need to conserve disk space. (Be sure not to delete
any drivers from your original Fi/terCAD distribution
diskette.)

Before You Begin

Please check the FilterCAD program disk to see if it con-
tains the README DOC file. This file, if present, will con-
tain important information about FilterCAD not included
in this manual. Please read this file before attempting to
install and use FilterCAD. To display the README file on
your screen, place the FilterCAD diskette in drive A and
type:

to pause scrolling. Press any key to resume scrolling. To
print a hardcopy of the README file on your printer type:

HARDWARE REQUIREMENTS

FilterCAD runs on an IBM PC, XT,AT,or PS/2, or a compati-
ble system, equipped with one floppy drive or one hard
drive and one floppy drive, at least 256k bytes of system
memory, an appropriate graphics adapter and monitor, and
DOS 2.0 or later. A list of the graphics adapters and modes
supported by FilterCAD will be found in the "Configura-
tion" section. FilterCAD is a calculation-intensive pro-
gram, and should, therefore, be run on the most powerful
system available. A floating-point math coprocessor (8087,
80287, or 80387, as appropriate for your system) is not reo
quired, but will significantly increase the operating speed
of the program.

INSTAllATION

Floppy Disk Systems

Use the DOS DISKCOPY command to make a copy of the
FilterCAD distribution disk. Place a diskette with the DOS
DISKCOPY.COM program in drive A and type:

Following the messages that appear on your screen, place
the FilterCAD distribution disk in drive A, place a blank
floppy disk in drive B, and press any key to begin copying.
When the copy is completed, put the original FilterCAD
disk away in a safe place, and label your copy. You will use
your copy to run FilterCAD.

Note: If you have only one floppy drive, DISKCOPY will
prompt you when to swap diskettes. Just follow the mes-
sages that appear on the screen.
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Hard Disk Systems

To install FilterCAD on a hard disk system, you should first
make a floppy disk backup of the FilterCAD distribution
disk, as indicated. Then, put your working copy of the Fil·
terCAD diskette in drive A and type:

is an optional path specification. The INSTAll.BAT pro·
gram will create a sub·directory called "FCAD" on the
drive and below the optional path you have specified, and
copy the FilterCAD program files into that directory. For
example, if you typed

the program files will be installed in C: \ FCAD. If you
typed

the program files will be installed in C: \ FilTERS \ FCAD.

FilterCAD is now installed on your hard disk and ready to
run.

Note: If the directory you specify already exists, the install
program will issue an error message saying that it was un·
able to create the specified directory. It will then copy the
FilterCAD files into the existing directory, overwriting the
earlier version of FilterCAD. However, before installing
this version of FilterCAD over an existing version, you
should delete the earlier version of FCAD.CFG from your
hard disk to avoid problems.

To start FilterCAD, place your working copy of the
FilterCAD diskette in drive A or log on to the directory on
your hard disk where FilterCAD's program files have been
installed, and type:

again to start the program. When you run FilterCAD for the
first time, select item 6 on the MAIN MENU, "CONFIGURE
FilterCAD," before attempting to use the program. This
will open the HARDWARECONFIGURATIONMENU,which
offers the following eight options:

1. Install DISPLAY
2. Install PRINTER
3. Install PlOnER
4. Install MOUSE
5. Configure I/O PORTS
6. Configure DISPLAYPARAMETERS
7. Set PATHto DRIVERS

9. RETURNto MAIN MENU

Installing the Display

The first step is to tell FilterCAD what video display
adapter is installed in your system and what graphics
mode you wish to use. To access the DISPLAY
INSTAllATION MENU, press

The DISPLAY INSTALLATION MENU offers fourteen op·
tions, supporting all of the popular PC display adapters,
including the IBM Color Graphics Adapter (CGA), the
MCGA (the built·in graphics controller in IBM's PS/2mod·
els 25 and 30), the Enhanced Graphics Adapter (EGA),the
Video Graphics Array (VGA,the built·in graphics controller
in IBM's PS/2 models 50·80, also available as an add·in
card for PC/XT/AT family machines), Hercules Mono·
chrome Graphics, the AT&T Graphics Adapter, and the
IBM 8514 Graphics Adapter (IBM's high resolution graph·
ics add·in for the PS/2 models 50-80).To install the driver
for your display adapter and desired graphics mode,
simply type the number of your selection and press

Several of the supported display adapters offer more than
one option for different resolutions or color selections.
The resolution and number of colors you will be able to
obtain from a particular display adapter may depend on
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the type of monitor connected to it. For example, the En-
hanced Graphics Adapter will display 640 pixels by 200
lines with 16 colors on a standard RGB monitor (option 4),
640 pixels by 350 lines with 16colors on an enhanced RGB
monitor (item 5), or 640 pixels by 350 lines in monochrome
on a TIL monochrome monitor (item 6). Obviously it is de-
sirable to choose the highest resolution and greatest color
selection available from your system. If you are uncertain
what option to select for your particular monitorldisplay
adapter combination, consult the documentation for your
computer system, display adapter, andlor monitor.

Note: When you install your display and exit back to
FilterCAD's main menu, you will be asked whether you
want to save your changes to the FCAD.CFGfile. Answer
"YES." This will create the configuration file which will be
used every time you start FilterCAD.

Installing Your Printer and Plotter

FilterCAD has been equipped with a text printer driver for
a standard-ASCII text printer, which is used for printing re-
ports, and a plotter driver for an HPGL-compatible plotter.
These selections cannot be modified by the user. In addi-
tion, you can select a printer driver for a graphics screen
dump. Press

to access the printer installation menu. The options at this
time are limited to the Epson FX·80 or a compatible
dot-matrix printer, the Hewlett-Packard ThinkJet, and the
Hewlett-Packard LaserJet or a compatible laser printer.
The last can be configured to print at a number of different
resolutions, inclUding 75, 100, 150, or 300 dots-per-inch.
Note that FilterCAD performs a true pixel-for-pixel screen
dump, so the size of the image depends on the resolution.
At 300 d.p.i., the image is approximately the size of a large
postage stamp.

Configuring Display Parameters

Item 6 on the HARDWARE CONFIGURATION MENU,
"Configure Display Parameters" has two functions:
"Change SCREEN COLORS." and "Change GRAPH
Window." The first option, obviously, allows you to select
the colors used for the various text messages and graphic

elements displayed by the program. Of course, if you are
using a display option that only supports two colors (e.g.,
the IBM Color Graphics Adapter or Hercules Monochrome
Graphics) this item will not allow you to select different
colors for the graphic elements, but it will allow you to se-
lect different attributes (underline, high-intensity, reverse-
video, etc.) for the different classes of text messages. Use
the arrow keys to select the items that you wish to modify,
and use the

if you wish to restore the default colors (the colors that
were displayed when you started the program). Press

to exit the COLOR CONFIGURATION MENU and save your
changes. When you configure FilterCAD for the first time,
it is recommended that you select the colors for the text
messages only. Delay changing the options for the graphic
elements until you have had a chance to explore the pro-
gram and see how the various graphic elements interact.

The second option under Configure DISPLAY Parameters,
"Change GRAPH Window," allows you to modify the fre·
quency and gain ranges of the filter frequency response
graphs generated by FilterCAD, as well as the number of
data points that will be plotted. Whereas most of the
configuration settings can be set once and then forgotten,
the parameters of the graph window may have to be modi·
fied regularly as you design different types of filters with
different frequency ranges. Until you have explored the
graphing features of FilterCAD, you should probably leave
the default parameters of the graph window unmodified.

WHAT IS A FILTER?

A filter is a circuit that selectively passes a certain range
of the frequencies present at its input to its output, while
blocking (attenuating) other frequencies. Filters are nor-
mally described in terms of the frequencies that they pass.
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Most filters conform to one of four common types. Low-
pass filters pass all frequencies below a specified fre·
quency (called the cutoff frequency) and progressively
attenuate frequencies above the cutoff frequency. High-
pass filters do exactly the opposite; they pass frequencies
above the cutoff frequency while progressively attenuat·
ing frequencies below the cutoff frequency. Bandpass fil-
ters pass a band of frequencies around a specified center
frequency, attenuating frequencies above and below.
Notch or bandstop filters attenuate the frequencies
around the center frequency, passing frequencies above
and below. The four basic filter types are illustrated in
Figures 1.1-1.4. There are also allpass filters, which, not
surprisingly, pass all of the frequencies present at their in-
put.1 In addition, it is possible to create filters with more
complex responses which are not easily categorized.
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The range of frequencies that a filter passes is known, log·
ically enough, as its "passband." The range of frequen-
cies that a filter attenuates is known as its "stopband."
Between the passband and stopband is the "transition re-
gion." An ideal filter might be expected to pass all of the
frequencies in its passband without modification while in-
finitely attenuating frequencies in its stopband. Such a
response is shown in Figure 1.5. Regrettably, real·world
filters do not meet these imaginary specifications. Differ-
ent types of filters have different characteristics, less-
than-infinite rates of attenuation vs. frequency in the

Note 1: While all pass filters don't affect the relative amplitudes of signals
with different frequencies, they do selectively affect the phase of different
frequencies. This characteristic can be used to correct for phase shifts in·
troduced by other devices, including other types of filters. FilterCAD cannot
synthesize ail pass filters.
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transition region. In other words, the amplitude response
of a given filter has a characteristic slope. Frequencies in
the passband may also be modified, either in amplitude
("ripple") or in phase. Real-world filters all represent com-
promises: steepness of slope, ripple, and phase shift
(plus, of course, cost and size).

FilterCAD permits the design of filters with one of three re-
sponse characteristics (plus custom responses). These
three response types, which are known as "Butterworth,"
"Chebyshev," and "Elliptic," represent three different
compromises among the previously described charac-
teristics. Butterworth filters (Figure 1.6)have the optimum
flatness in the passband, but have a slope that rolls off
more gradually after the cutoff frequency than the other
two types. Chebyshev filters (Figure 1.7) can have a
steeper initial roll off than Butterworths, but at the ex-
pense of more than DAdB of ripple in the passband. Ellip-
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tic filters (Figure 1.8)have the steepest initial roll off of all,
but exhibit ripple in both the passband and the stopband.
Elliptic filters have higher Q's which may (if not carefully
implemented) translate to a noisier filter. These high Q's
have made elliptic filters difficult to implement with active
RC filters because of the increased stability and center
frequency accuracy requirements. Elliptic filters can be
implemented with SCF's due to their inherently better sta-
bilities and center frequency accuracies when compared
to active RC filters. Chebyshev and elliptic designs can
achieve greater stopband attenuation for a given number
of 2nd order sections than can Butterworths.

Filters are typically built up from basic building blocks
known as 1st order and 2nd order sections. Each LTCfilter
contains circuitry which, together with an external clock
and a few resistors, closely approximates 2nd order filter
functions. These are tabulated in the frequency domain.
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1. Bandpass function: available at the bandpass output
pin, refer to Figure 1.9.

swo/Q
G(s)= Hosp s2+ (swo/Q)+ w02

Hosp = Gain at w = Wo

fo = wol27f;fo is the center frequency of the complex
pole pair. At this frequency, the phase shift be·
tween input and output is -180°.

Q = Quality factor of the complex pole pair. It is the
ratio of fo to the - 3dB bandwidth of the 2nd or·
der bandpass function. The Q is always mea·
sured at the filter BP output.

2, Lowpass function: available at the LP output pin, refer
to Figure 1,10.

2Wo
s2+ s(wo/Q)+ w~

3. Highpass function: available only in mode 3 at the HP
output pin, refer to Figure 1,11,

s2
G(s)= HOHP -----

s2+ s(wo/Q)+ w~

~ HaBP
~ 0.707 Hosp

~

HOp
~ HOlP
~ 0.707 HolP
~

fCLK
HOHP=gain of the HP output for f--2-

4, Notch function: available at the N output for several
modes of operation.

(s2+ w2n)
G(s)= (HON2) 2 ( /Q) 2s +Swo +wo

fCLK
HON2 = gain of the notch output for f--2-

fn = wn/27f;fn is the frequency of the notch occur·
renee,

These sections are cascaded (the output of one section
fed to the input of the next) to produce higher·order filters
which have steeper slopes. Filters are described as being
of a certain "order," which corresponds to the number and
type of cascaded sections they comprise. For example, an
8th order filter would require four cascaded 2nd order
sections, whereas a 5th order filter would require two 2nd
order sections and one 1st order section. (The order of a
filter also corresponds its number of poles, but an ex·
planation of poles is outside the scope of this manual.)

HOp
~ HOHP
>
;;; 0.707 HOHP
~

fc=fox (1-...L) +J' (1-...L)2+1
202 202

fp=fo~V'-2iJ2

HOp=HOLPx 1
lJ1-.J...
o 402

HOp=HOHPX 1__
1 ".-,
oV1

- 402
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PART 2- THE BASIC STEPS
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STEP ONE, THE BASIC DESIGN

The first item on FilterCAD's MAIN MENU is "DESIGN Fil-
ter." Toaccess the DESIGN Filter screen, press

On the DESIGN Filter screen, you make several basic deci-
sions about the type of filter you're going to design. First,
you must select your basic filter type (Iowpass, highpass,
bandpass, or notch). Press the

to step through the options. When the filter type that you
want is displayed, press

I
Fe

FREQUENCY

Figure 2.1. Lowpass Design Parameters: AMAX= Maximum
Passband Ripple, Fc = Corner Frequency, Fs = Stopband
Frequency, AMIN= Stopband Allenuation

I
Fe

FREQUENCY

Figure 2.3. Bandpass Design Parameters: AMAX= Maximum
Passband Ripple, Fc = Center Frequency, PBW= Pass
Bandwidth, SBW = Stop Bandwidth, AMIN= Stopband
Allenuation

Next, you must select the type of response characteristic
you want (Butterworth, Chebyshev, Elliptic, or Custom).
Again, use the

when the response type you want is displayed.

Next, you will enter the most important parameters for
your filter. Exactly what these parameters will be depends
on the type of filter you have chosen. If you have selected

I I
Fs Fe

FREQUENCY

Figure 2.2. Highpass Design Parameters: AMAX= Maximum
Passband Ripple, Fc = Corner Frequency, Fs = Stopband
Frequency, AMIN= Stopband Allenuation

I
Fe

FREQUENCY

Figure 2.4. Notch Design Parameters: AMAX= Maximum
Passband Ripple, Fc = Center Frequency, PBW = Pass
Bandwidth, SBW = Stop Bandwidth, AMIN= Stopband
Allenualion
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lowpass or highpass, you must enter the maximum pass·
band ripple, in dB (must be greater than zero, or, in the
case of Butterworth response, must be 3dB); the stopband
attenuation, in dB; the corner frequency (also known as
the cutoff frequency), in Hz; and the stopband frequency. If
you chose a bandpass or notch filter, you must enter the
maximum passband ripple and the stopband attenuation,
followed by the center frequency, in Hz; the pass band-
width, in Hz; and the stop bandwidth, in Hz. (The meanings
of these various parameters in the different design con-
texts are illustrated in Figures 2.1-2.4.) If you chose a cus-
tom response, you're in an entirely different ball game,
which will be described later.

Type in the parameters for your chosen filter, pressing

after each parameter. If you want to go back and alter one
of the parameters you have previously entered, use the

keys to move to the appropriate location and retype the
parameter. When you have entered all of the correct pa-
rameters, move the cursor to the last parameter in the list
and press

FilterCAD will now calculate and display additional pa-
rameters of the filter you have designed, including its
order, actual stopband attenuation, and gain, and will dis-
playa list of the 2nd order and 1st order sections needed
to realize the design, along with their Fa,Q, and Fnvalues
(as appropriate). These numbers will be used later to im·
plement your filter design and calculate resistor values.

:i1terCAD. will, in many cases, prevent you from entering
Inappropnate values. For instance, in the case of a low-
pass filter, the program will not permit you to enter a stop·
b~n? freq.uency that is lower than the corner frequency.
Similarly, In the case of a highpass filter, the stopband fre-
quency must be lower than the corner frequency. In addi-
tion, you cannot enter a maximum passband ripple value
that is greater than the stopband attenuation, nor can you
enter a set of values that will lead to a filter of an order
greater than 28.

Custom Filters

The custom-response option on the DESIGN screen can
be used in two ways. It can be used to modify filter de·
signs created by the method previously described, or it
can be used to create filters with custom responses from
scratch, by specifying a normalization value and manually
entering the desired Fa,Q, and Fn values for the necessary
2nd order and 1st order sections. To edit the response of a
filter that has already been designed, press

to re-enter the DESIGN screen. Move the cursor to
"FILTER RESPONSE" and use the

to select "CUSTOM." You can now edit the Fa, Q, and Fn
values for the 2nd order and 1st order sections in the win-
dow at the bottom of the screen. When you customize an
existing design, the normalization frequency is automat-
ically set to the previously-specified corner/center fre-
quency. It can, however, be edited by the user.

To design a custom filter from scratch, simply select
"CUSTOM" as your response type upon first entering the
DESIGN screen, then type in the appropriate Fa,Q, and Fn
values for the desired response. By default the normal-
ization value for custom filters is 1Hz. On'ce you have
entered your values, you can change the normalization fre-
quency to any desired value and FilterCAD will scale the
Fa, and Fn frequencies accordingly. To change the
normalization frequency, press

By alternately graphing the resulting response and modi-
fying the Fa,Q, and Fn values, almost any kind of response
shape can be achieved by successive approximations.

It should be understood that true custom filter design is
the province of a small number 01experts. \1 'Iou have a
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"feel" for the type of pole and Q values that produce a
particular response, then FilterCAD will allow you to de·
sign by this "seat of the pants" method. If you lack such
erudition, however, it is beyond the scope of the program
or this manual to supply it. Nevertheless, novice designers
can make productive use of FilterCAD's custom·response
feature by entering design parameters from published
tables. An example of this technique will be found in the
following section.

STEPTWO, GRAPHING FILTERRESPONSE

After you have designed your filter, the next step is item
two on the MAIN MENU, GRAPH Filter Response. You can
graph the amplitude, phase, and/or group·delay charac·
teristics of your filter, and you can plot your graph on
either a linear or logarithmic scale. The graph also high·
lights the 3dB·down point(s) (for Butterworth filters only)
and the point(s) where the calculated attenuation is
achieved. An additional option on the Graph Menu is
called "Reduced View." This option displays a reduced
view of your graph in a window in the upper right·hand
corner of the full-sized graph. This feature is useful in
conjunction with the "Zoom" option.

Your graph can be displayed on the screen, output to a
Hewlett·Packard 74XXor compatible plotter, or written to
disk as an HPGL file or an ASCII text file for later output to
a plotter or transfer to a presentation-graphics or desktop
publishing program. The screen graph can also be
dumped to an Epson dot-matrix or Hewlett·Packard
ThinkJet or LaserJet Printer. Use the

keys to move through the list of graph parameters and
press the

to step through the selections for each parameter that you
wish to modify. When all of the graph parameters have
been set correctly, press

Plotting to the Screen

If you chose the screen as your output device, FilterCAD
will immediately begin plotting the graph. Generating the
graph is a calculation·intensive process. It is here that the
speed and power of your CPU and the presence or ab-
sence of a math coprocessor will become evident. On a
fast '386 system with a math coprocessor, the graph will
be generated in a matter of seconds. On a PC/XT·class ma·
chine, with and 8088 processor and no math coprocessor,
you can easily make and consume a cup of coffee, if not a
light lunch, while waiting for the graph of a complex reo
sponse to be plotted. Note, however, that the speed of
calculation and plotting can be increased by reducing the
number of data points to be plotted. To modify this pa-
rameter, use the "Change GRAPH Window" option, found
under item 6, "Configure DISPLAY Parameters," on the
Configuration Menu. The number of points can range from
50 to 500. Of course, choosing a smaller number of points
will result in a coarser graph, but this may be an accept-
able trade·off for quicker plotting.

The Zoom Feature - When you display the graph on the
screen, you have the additional option of magnifying or
"zooming in" on areas of the graph that are of particular
interest. (Before using the zoom feature, it is a good idea
to enable the "Reduced View" option on the graph menu.
When you zoom in, the area of the zoom will be indicated
by a box on the reduce view of the full·sized graph.) Note
the arrow in the lower right·hand corner of the graph. This
arrow can be used to select the region of the graph to
zoom in on. It can also be used to pinpoint the frequency
and gain values of any given point on the graph. (These
values are displayed at the upper right·hand corner of the
screen.) The location of the arrow is controlled by the ar-
row keys (the cursor control keys) on the numeric key pad.
The arrow can move in either fine or coarse increments. To
select coarse movement, press the

+
key.To select fine movement, press the

key. Move the arrow to one corner of the area that you wish
to magnify, and press
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Next, move the arrow to the opposite corner of the area of
interest. As you move the arrow, you will see a box expand
to enclose the area to be magnified. If you want to relocate
the box, you must press

and restart the selection process. When the box encloses
the desired area, press

and the screen will be redrawn and a new graph will be
plotted within the selected range. Note that the program
actually calculates new points as appropriate for the
higher precision of the magnified section.

It is possible to zoom in repeatedly to magnify progres-
sively smaller areas of the graph. There is a limit to this
process, but the available magnification is more than
adequate for any practical purpose. If you want to output
the magnified graph to the plotter or a disk file, you can do
so. Just press

once to return to the GRAPH MENU screen, change the
output device to plotter or disk, press

and then proceed with the plotting process as described
later. Tozoom out to the previous graph, press

(for Large). You can zoom out as many times in succession
as you have zoomed in. Note, however, that for each suc·
cessive zoom out the graph is recalculated and replotted.
If you have done several successive zooms and you want
to get back to the full-sized graph without the intermediate
steps, it will be quicker to press

twice to return to the MAIN MENU, then re·enter the
GRAPH screen.

Printing the Screen - If you have an Epson-FXcompatible
dot-matrix printer, a Hewlett·Packard ThinkJet, or a
Hewlett-Packard LaserJet compatible laser printer, and

you have installed the appropriate print driver, you can
dump your screen graph to your printer at any time by
pressing

This same feature can be used from the Device Screen
(see the Implementation section) to print FilterCAD's
mode diagrams. The screen-print routine will check to see
whether your printer is connected and turned on, and will
warn you if it is not. If your printer is connected and turned
on, but off line, FilterCAD will put it on line and begin print-
ing. Once printing begins, however, FilterCAD does no er·
ror checking, so turning off your printer or taking it off line
to stop printing may cause the program to "hang up."

Plotting to a Plotter, HPGL File, or Text File

If you choose to send your graph to a plotter or to an HPGL
disk file, you will first be shown the PLOTTER STATUS
MENU. First, you will be asked "GENERATE CHART
(Y/N)." You are not being asked here whether you want to
plot a graph, but whether, when you plot to disk or plotter,
you want to draw the grid or only plot the data. This may
seem like an absurd choice, but it is here for a reason. If
you are plotting to a plotter, you could overlay the re-
sponse graphs of several different filter designs on one
sheet of paper for comparison. If you drew the grid every
time, you would end up with a mess. This option allows
you to draw the grid on the first pass, then plot only the
data on successive passes. This same process can be
used, albeit with slightly more effort, when plotting to a
disk file. The procedure here is to plot two (or more) sepa-
rate files, the first with the grid turned on, and the remain-
der with the grid turned off. Then exit FilterCAD and use
the DOS COpy command to concatenate the files. For
example, if you wanted to concatenate three HPGL files
named SOURCE1,SOURCE2,and SOURCE3into a single
file called TARGET,you would use the following syntax:

COPVB SOURCE1+ SOURCE2+ SOURCE3
TARGET [Enter]

the remainder of the PLOTTERSTATUSMENU will be dis·
played. Here, you can select the dimensions of your graph,
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the pen colors to be used, and whether to print the design
parameters below the graph. When you have determined
that the plotter options are set correctly, press

to begin plotting. If you wish to exit the PLOTTERSTATUS
MENUwithout plotting, press

You can also plot your graph as a set of data points for
gain, phase and group delay plotted to disk in ASCII text
format. Select

as the output device. Then select which parameters to plot
and press

You will then be prompted for a file name into which the
data will be placed. To plot onto a disk in drive "A" type

These points may then be imported to a spreadsheet pro·
gram, for example, for data manipulation.

If your graph consists mostly of straight horizontal lines or
slopes, this indicates that the frequency and amplitude
ranges of the graph are probably not set appropriately for
the particular filter you are graphing (e.g., a graph fre·
quency range of 100Hz to 10,OOOHzfor a highpass filter
with a corner frequency of 20Hz).To adjust the frequency
and gain ranges of your graph, use the "Change GRAPH
Window" option, found under item 6, "Configure DISPLAY
Parameters," on the Configuration Menu.

IMPLEMENTING THE FILTER

The third item on the MAIN MENU,"IMPLEMENT Filter," is
where we transform the numbers generated in step one
into practical circuitry. There are several steps to this
process.

Optimization

The first step is to optimize your filter for one of two char·
acteristics.2 You can optimize for lowest noise or lowest
harmonic distortion. When you optimize for noise, the

cascaded sections are ordered in such a way as to pro·
duce the lowest output noise when the filter input is
grounded. In the absence of any other, conflicting design
criteria, this is the most obvious characteristic for
optimization. When you optimize for harmonic distortion,
the sections are cascaded so as to minimize the internal
swings of the respective amplifiers, resulting in reduced
harmonic distortion. Note, however, that optimizing
for harmonic distortion will result in the worst noise
performance.

The Optimization screen also allows you to select the ratio
of the internal clock frequency to Fo(50:1or 100:1)and the
clock frequency in Hz, and to turn automatic device selec-
tion on and off. It should be understood that the clock fre·
quency ratio represents the state of a particular pin on the
device, and does not necessarily correspond to the actual
ratio of the clock frequency to Fo.Thus, if you change the
clock frequency to a value other than that automatically
selected by FilterCAD, the frequency ratio will not change
accordingly. Novice filter designers are advised to use the
clock frequency selected by FilterCAD unless there is a
compelling reason to do otherwise, and to leave automatic
device selection "ON." Clock frequencies and frequency
ratios are not arbitrary, but have a relationship to the cor·
ner or center frequency that depends upon the selected
mode. For more information on clock frequencies, fre·
quency ratios, and modes, consult LTC product data
sheets.

When you have selected the characteristic for optimi·
zation and adjusted the other options to your satisfaction,
move the cursor back to "OPTIMIZE FOR" and press

FilterCAD will respond by displaying the selected device
and models) and its rationale for selecting a particular
cascade order. If you want to re·optimize for some other
characteristic, press

Note 2: FilterCAD will not optimize custom filter designs, nor will it seiect
the modes for such designs. This is just another indication that custom de·
signs are the province of experienced designers.
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Implementation

When you are satisfied with the optimization, press

to proceed with the implementation. This won't do any-
thing obvious except to clear the window where the
optimization information is displayed, so press

to view the selected device, cascade order, and modes.
When the Device screen is first displayed, it will show
detailed specifications of the selected part. To see the
mode diagrams of the 2nd and 1st order sections that im-
plement the design, press the

key to move the cursor through the cascade-order list on
the left-hand side of the screen.

You will have probably observed that, on the implementa·
tion menu, this screen is entitled "Edit DEVICE/MODEs,"
and you can, in fact, manually edit both the device selec-
tion and the modes of the 2nd and 1st order sections. This
capability, however, is one that the novice user would be
best advised to ignore. If you manually edit the device se·
lection or the modes, you are essentially ignoring the ex-
pertise that is built into the program in favor of your own
judgement. Experienced designers may choose to do this
under some circumstances, but if you want to get from a
specification to a working design with the least time and
effort, accept the device and modes that FilterCAD
selects. Tocomplete the implementation process, press

to calculate the resistor values. You can calculate abso-
lute values by pressing

There is one more option on the implementation menu
that we have not yet examined, "Edit CASCADJ;ORDJ;R."
This option allows you to exchange poles and zeros
among and edit the cascade order of the 2nd order sec·
tions that make up your filter. This represents one of the
most arcane and esoteric aspects of filter design - even
the experts are sometimes at a loss to explain the benefits
to be gained by tweaking these parameters. So, once
again, we must recommend that the novice leave this fea·
ture alone.3

SAVING YOUR FILTER DESIGN

Item 4 on the MAIN MENU, "SAVE Current Filter Design,"
allows you to save your design to disk. Press

to save your design. By default, a new file will be saved
with the name "NONAME," while a file that was previously
saved and loaded will be saved under its previous name. If
you want to save the file under a different name, just type
it in at the cursor position. Type the file name only, eight
characters or fewer; do not type an extension. All files are
saved with the extension .FDF (Alter Design Ale).

By default, the file will be stored in the current directory
(the directory that was active when FilterCAD was
started). This directory will be displayed at the top of the
screen. If you want to save the file to a different directory,
press

then type in a new path. When the file name and path are
correct, press

to save the file. If there is already a file on the disk with the
name that you have selected, FilterCAD will ask whether
you want to overwrite the file. Press

N

to save the file under a different name.

Nole 3: Of course, there is no harm in the novice experimenting with the
advanced features of FillerCAD, provided he or she realizes that the results
of such experiments will not necessarily be uselu\ lilte, designs.



Application Note 38

To load a Filter Design File that you have previously saved, Item 6 on the MAIN MENU, "CONFIGURE FilterCAD," is
select explained in Part 1, "Getting Started."

on the main menu. The lOAD FilE MENU screen will dis·
playa directory of all of the .FDF files in the current direc·
tory. Use the cursor keys to move the pointer to the name
of the file you want to load and press

If there are more .FDF files than can be displayed on the
screen at one time, press the

key to see additional files. If you want to load a file from a
different directory, press

then type in the new path. You can also enter a mask to re-
strict the file names which will appear on the screen. This
mask can consist of any of the characters that DOSallows
for file names, including the DOS wildcards "." and "?".
By default, the mask is ".", allowing all file names to be
displayed. Tochange the mask, press

then type in a new mask of up to eight characters. For
example, if you named your .FDF files in such a way that
the first two letters of the file name represented the filter
type (lP for lowpass, HP for highpass, etc.), you could
change the mask to lp· to display only the lowpass filter
design files.

Note: If you attempt to load an .FDF file created with an
earlier version of FilterCAD, the program will issue a warn·
ing and ask you whether you want to abort loading or pro-
ceed at your own risk. Differences between .FDF files from
different versions of FilterCAD are minor, and you should
be able to load and use earlier .FDF files without difficulty.

Caution: When you load a filter design file, FilterCAD
DOES NOT prompt you to save any design currently in
memory, so whena new file is loaded, any unsaved work in
memory will be lost.

PRINTING A REPORT

Item 7 on the MAIN MENU,"SYSTEM Status/Reports," dis-
plays a varied collection of information on your system,
such as the date and time, your DOSversion, the presence
or absence of a math coprocessor, and the status of your
printer and communications ports. It also shows the state
of progress of the current design, including the total de·
sign time. (Gosh, a 6th order Butterworth lowpass in
00:05:23,only five seconds shy of the record!) The main
function of this screen, however, is to print a design report.
This report will include all of the information about your fil·
ter available on the design, optimization and implementa-
tion screens, except for the mode diagrams. You can also
print the gain, phase and group delay of your filter design
by pressing

p

Note that if you have not completed the design process by
implementing the design and calculating resistor values,
the "REPORT AVAilABLE" line will say "PARTIAL." A
partial report, lacking modes and resistor values, can be
printed, but for a complete report you must implement and
calculate resistor values.

AND NOW, A WORD FORM OUR SPONSOR

The eighth item on the MAIN MENU displays Linear
Technology Corporation's address and phone, fax, and
telex numbers, followed by a list of our other products.

The ninth and final item on FilterCAD's MAIN MENU,
"END FilterCAD," is self·explanatory. If you haven't saved
your current design before attempting to exit the program,
FilterCAD will ask you if you wish to do so. Press
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Now that we have examined the principal features of
FilterCAD, let's walk through a few typical filter designs to
get a better idea of how the program works.

First, we'll design a Butterworth lowpass filter, one of the
most basic filter types. Load FilterCAD, if you haven't al·
ready done so, and press

to go to the design screen. Select lowpass as the design
type and Butterworth as the response type. Now we have
four additional parameters to enter. The passband ripple
must be specified as 3dB; this places the cutoff frequency
- 3dB down with respect to the filters DCgain. Should you
desire a Butterworth response with other than 3dB pass·
band ripple you can do so by going to the custom menu.
Let's select an attenuation of 45dB, a corner frequency of
1000Hz,and a stopband frequency of 2000Hz.Press

after each parameter. When the last parameter is entered,
FilterCAD will synthesize the response. We soon see that
the result is an 8th order filter with an actual attenuation
of 48.1442dBat 2000Hz. It is composed of four 2nd order
lowpass sections, all with corner frequencies of 1000Hz
and modest Q's. (Having the same corner frequency for all
of the cascaded sections is a characteristic of Butter·
worth filters.) This is a good time to experiment with some
of the filter's parameters to see how they affect the result·
ing design. Try increasing the attenuation or lowering the
stopband frequency. You'll discover that any modification
that results in a significantly steeper rolloff will increase
the order of the filter proportionally. For instance, reduc·
ing the stopband frequency to 1500Hzchanges results in a
filter of order 13! If a very steep rolloff is required and
some ripple in the passband is acceptable, a response
type other than Butterworth would probably be preferable.

Next, we'll graph the amplitude and phase characteristics
of our Butterworth lowpass filter. Press

to go to the graph menu. We're going to output this graph
to the screen, so press

to begin graphing immediately. In a few seconds or a few
minutes, depending on the type of computer system
you're using, you should see a graph very much like the
one in Figure 3.1A. Amplitude (in dB's) is indicated on the
left side of the graph and phase (in degrees) is indicated
on the right side. (If you have your graph parameters set
differently than FilterCAD's defaults, your graph may
show less of the frequency and amplitude range than the
figure. If you don't see a graph substantially like the one in
Figure 3.1A, you may need to adjust the graph's ranges.
Exit the graph screen, go the the MAIN MENU, and select
6, CONFIGURE FilterCAD. Next, select item 6, "Configure
DISPLAY Parameters," followed by item 2, "Change
GRAPHWindow.")

Observe the characteristic amplitude and phase·response
curves of the Butterworth response. (The amplitude curve
is the one that begins at OdBand begins to fall off sharply
around 1000Hz - of course, if you have a color display
you can make the amplitude and phase curves easily dis-
tinguishable by assigning them different colors.) The am·
plitude in the passband is extremely flat (you could magni·
fy a small segment of the passband many times and still
find no observable ripple), and the slope of the rolloff be·
gins just before the corner frequency, reaching the 3dB
down point (which, in a Butterworth response is synony·
mous with the corner frequency) at 1000Hz,and continues
to rolloff at the same constant rate to the stopband and
beyond. (In theory, the slope will continue to rolloff at this
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same rate all the way to an infinite attenuation at an infi·
nite frequency.) The phase response begins at 0, slopes
exponentially to near - 3600 as it approaches the corner
frequency, then continues down until it asymptotes to
- 7200 in the filter's stopband. Butterworth filters offer the
most linear phase response of any type except the Bessel.
Figure 3.1B shows the phase response of the Butterworth
lowpass filter using a linear phase scale.

o
-10
-20
-30
-40

~ -50
z -60
~ -70

-80
-90

-100
-110
-120

AMPlITUDE

.......
PHASE

..•..•.•
•.....

.••..•...

360
300
240

180 "U

~o ~
o ~
-60 ~
-120 m
-180
-240
-300
-360

Having graphed our filter's response, we will next go to the
implementation screen to transform it into a practical de·
sign. Press

twice to exit the graph display, then press
3

to go to the implementation screen. The first step is to
optimize. Lacking any other pressing need, we'll optimize
for noise (the default optimization strategy). We'll use a
clock frequency ratio of 50:1 and we'll leave auto device
selection ON. Press

to execute optimization. FilterCAD selects the LTC1164
and indicates that the Q's have been intermixed for the
lowest noise. Next, press

D

to display the device screen. This screen shows detailed
specs of the LTC1164,and, in the window on the left-hand

side of the screen, indicates that all four of the 2nd order
sections in the design will use mode 1. Press the

key and you'll see a diagram of a mode 1 network like the
one in Figure 3.2 in place of the LTC1164specs. Press the

three more times, and you'll see three more examples of
the same network, differing only in their Q values. This
configuration would be fine except for one thing: the
LTC1164has four 2nd order sections, but the fourth lacks
an accessible summing node, and therefore cannot be
configured in mode 1. You must manually change the
mode of the last stage to mode 3. This illustrates the
limitations of the present version of FilterCAD.

Each mode 1 section requires three resistors, and the final
mode 3 section requires four. To calculate the resistor val·
ues, press

Ese
to exit the Device screen, then press

R

p

to select 1% tolerance resistors, FilterCAD displays the
values in Table 3.1. This completes the implementation of
our Butterworth lowpass example.
Table 3.1. Resistors for Butterworth Lowpass Example

STAGE R1 R2 R3 R4

1 16.50k 15.50k 10.00k
2 10.00k 10.00k 25.50k
3 11.00k 11.00k 10.00k
4 20.50k 20.50k 10.00k 20.50k
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For our next example, we'll design a bandpass filter with a
Chebyshev response. (We'll assume you know your way
around the program reasonably well at this point, so we'll
dispense with telling you specific keys to press unless we
introduce a new feature.) For our Chebyshev design, we'll
select a maximum passband ripple of O.05dB,an attenua·
tion of 50dB, and a center frequency of 5000Hz. We'll
specify a pass bandwidth of 600Hz and a stop bandwidth
of 3000Hz.This results in another 8th order filter, consist-
ing of four 2nd order bandpass sections, with their corner
frequencies staggered around 5000Hz and moderate a's
illustrated in Table 3.2.4

Table 3.2. Fo, Q, and Fn Values for 8th Order Chebyshev Bandpass

STAGE F. a F.

1 4657.8615 27.3474 0.0000
2 5367.2699 27.3474 INFINITE
3 4855.1190 11.3041 OOסס.0
4 5149.2043 11.3041 INFINITE

The a's of the sections have been kept within reasonable
limits by specifying the very low minimum passband ripple
of O.05dB.That this should be the case may not be obvious
until you consider that the passband ripple consists of the
product of the resonant peaks of the 2nd order sections.
By keeping the passband ripple to a minimum, the a's of
the individual sections are reduced proportionally. You
can verify this fact by changing the passband ripple to a
higher value and observing the effect on the a's of the 2nd
order sections.
Next we'll graph the response of our design. The result ap-
pears in Figure 3.3. (We have reset the frequency range of
the graph to focus on the area of interest.) Observe that
the slope of the amplitude response rolls off quite steeply
in the transition region and that the slopes become more
gradual well into the stopband. In other words, the slope is
not constant. This is a characteristic of Chebyshev filters.
The characteristic passband ripple is not observable at
the current scale, but we can see it by zooming in on the
passband.

Note 4: lt is possible to design a bandpass filter from a mixture of highpass
and lowpass or highpass, low pass, and bandpass sections, but FilterCAD
will not do this. When you specify a particular filter type, all of the sections
used to realize the design will be of that same type.

+
to select coarse motion, then use the arrow keys on the
cursor keypad to move the arrow to one corner of the
rectangle you want to zoom in on Oust outside the pass·
band), then press

Now move the arrow again and you'll see a box expand to
enclose the area to be magnified. When the box encloses
the passband, press

again and the new graph will be calculated and plotted. It
may require two or three consecutive zooms, but even·
tually you'll get a closeup of the passband that shows the
O.05dBripple quite clearly, as in Figure 3.4. (Note that in
this figure, the graph style has been reset to "linear.") To
return to the full·scale graph, press

L
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Figure 3.58. Mode 2 Network

Now, we'll implement our design, optimizing, as before,
for lowest noise. We will select clock to Fe ratio equal to
50:1 and clock frequency equal to 250,000Hz.Once again
the LTC1164is selected and the Q's of the sections are
intermixed for the lowest noise. This time mode 3 has
been chosen for the first two stages (where Fe< FCLK/50)
and mode 2 has been selected for the remaining two
stages (where Fe> FCLK/50).The overall gain of 27.29dB
has been evenly distributed among stages two through
four and the gain of stage one has been set to 1 for im-
proved dynamics. When we view the Device screen, we'll
see the specs of the LTC1164and two diagrams of the
mode 3 network followed by two diagrams of the mode 2
network with different Fe, Q, and Fn values (see Figures
3.5A and 3.5B). Calculating the 1% resistor values pro-
duces the results in Table3.3.

STAGE Rl R2 R3 R4

1 10.20k 10.00k 68.10k 10.70k
2 10.00k 12.70k 147.0k 14.70k
3 10.00k 154.0k 3.160M 1.000M
4 10.00k 12.40k 130.0k 205.0k

For our next example, we will design a lowpass filter with
an elliptic response. We'll specify a maximum passband
ripple of 0.1dB, an attenuation of 60dB, a corner frequency

of 1000Hz, and a stopband frequency of 1300Hz. In the
case of an elliptic response, we have one additional ques-
tion to answer before the response is synthesized. When
we have entered the other parameters, FilterCAD asks
"Remove highest Fn?" (Y/N).This question requires a bit
of explanation. An elliptic filter creates notches by
summing the highpass and lowpass outputs of 2nd order
stages. To create a notch from the last in a series of
cascaded 2nd order stages, an external op amp will be
required to sum the highpass and lowpass outputs. Re-
moving the last notch from the series eliminates the need
for the external op amp, but does change the response
slightly, as we will see.

Note: Thelast notch can be removed only from an even-or-
der elliptic filter. If you are synthesizing an elliptic re-
sponse for the first time and you are uncertain what order
of response will result, answer "NO" when asked if you
want to remove the last notch. If an even-order response
results you can go back and remove the last notch if you
wish.

For comparison, we will synthesize both responses. The
Fe, Q, and Fn values for both designs (both are 8th order)
are shown in Table 3.4. Observe that the removal of the
highest Fn produces slight variations in all of the other
values.

Table 3.4. Fo, a, and Fn Values lor Lowpass Elliptic Examples

STAGE F. a Fn

Highest Fn Not Removed

1 478.1819 0.6059 5442.3255
2 747.3747 1.3988 2032.7089
3 939.2728 3.5399 1472.2588
4 1022.0167 13.3902 1315.9606

Highest Fn Removed

466.0818 0.5905 INFINITE
723.8783 1.3544 2153.9833
933.1712 3.5608 1503.2381
1022.0052 13.6310 1333.1141

When we graph our two elliptic examples, (Figures 3.6A
and 3.6B)we see that the response of the filter without the
highest Fn removed shows four notches in the stopband
and a gradual slope after the last notch, whereas the filter
with the highest Fn removed exhibits only three notches



followed by a steeper slope. Both examples have the steep
initial rolloff and extremely non-linear phase response in
the vicinity of the corner frequency that are essential
characteristics of the elliptic response. If your only goal is
stopband attenuation greater than 60dB, either imple-
mentation would be satisfactory, and the version with the
highest Fn removed would probably be selected due to its
lower parts count.

When we optimize our two elliptic filters for noise,
FilterCAD selects the LTC1164 and specifies mode 3A for
all four stages. Mode 3A is the standard mode for elliptic
and notch filters, as it sums the highpass and lowpass
outputs of the 2nd order sections as described previously.
When we go to the Device screen, we see four mode 3A
diagrams, each showing the external op amp, as in Figure
3.7. In practice, this external summing amp is not needed
in every case. When cascading sections, the high pass and
lowpass outputs of the previous section can be summed
into the inverting input of the next section, an external

STAGE

Highest Fn Not Removed

summing amp being required only for the last section. If
the highest Fn is removed, external op amps can be dis-
pensed with entirely.

Calculating 1% resistor values (for clock to Fo ratio 50:1,
clock frequency equals 50,000Hz) for our two elliptic varia·
tions yields the results in Table 3.5. RH and RL are the re-
sistors which sum the highpass and lowpass outputs of
the successive stages, and RG is the resistor that sets the
gain of the external op amp. Therefore, there is one fewer

1 24.90k 10.00k 17.40k 17.80k 237.0k 57.60k
2 10.50k 73.20k 10.00k 21.50k 12.70k
3 10.00k 30.90k 11.30k 21.50k 10.00k
4 19.60k 24.30k 86.60k 10.20k 294.0k 10.00k

1 26.10k 10.00k 17.40k 19.10k 261.0k 56.20k
2 10.50k 75.00k 10.00k 23.20k 13.00k
3 10.00k 31.60k 11.50k 22.60k 10.00k
4 18.70k 23.20k 86.60k
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RH/RL pair in the version with the last Fnremoved, and RG
is found only in the last stage of the first example. Also,
R1, the resistor connected to the inverting input of the in·
put amplifier, is used only for the first stage. The RH/RL
pair takes the place 01R1 in subsequent stages.

For a simple example of how the custom design option
works, we'll design a 6th order lowpass Bessel filter by
manually entering pole and Q values. When you set the reo
sponse on the Design screen to "Custom" and press

the usual parameter·entry stage is bypassed and you go
directly to the Fa, Q, and Fn section, where you can enter
any values you want. We'll use values from Table 3.6, for a
filter normalized to - 3dB = 1Hz.The published table from
which these values were taken didn't mention Fn values at
all, so when the author typed them in initially, he left the Fn
values as he found them, as zeros. The result was not the
desired lowpass filter, but its highpass mirror image. This
shows the kind of trap that awaits the unwary.

Once the values have been entered, they can be re·nor·
malized for any desired corner frequency. Just press

Looking at the graph of the resulting response (Figure 3.8),
we see the characteristic Bessel response, with its droopy
passband and very gradual initial rolloff. When we go to
the implementation stage, the process is a little different
than we are accustomed to. FilterCAD won't optimize a
custom design, nor will it specify the mode(s). It will,
however, select the device, (the envelope please...) the
LTC1164. Now we need to go to the device screen and
manually select the mode for each of the three 2nd order
sections. We will select mode 3 for all sections, because
the three sections each have different corner frequencies,
and mode 3 provides for independent tuning of the indio
vidual sections by means of the ratio R2/R4. (We've seen
what the mode 3 network looks like before, so we won't duo
plicate it here.) Having selected the mode, we can calcu·
late resistor values. The results are shown in Table 3.7.

In this case we will re·normalize to 1000Hz,which simply
multiplies the Favalues in the table by 1000. Figure 3.8. 6th Order Lowpass Bessel Response

Table3.6.Fo,0, and Fn Values for 6th Order Lowpass Bessel,
Normalized for 1Hz Table3.7.Resistors for 6th Order Bessel Lowpass Example

STAGE F. a Fn

1 1.606 0.510 INFINITY
2 1.691 0.611 INFINITY
3 1.907 1.023 INFINITY

STAGE R1 R2 R3 R4

1 13.00k 33.20k 10.00k 13.00k
2 10.50k 29.40k 10.00k 10.50k
3 10.00k 36.50k 17.40k 10.00k
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As stated earlier in this manual, optimizing performance
by editing cascade order andlor swapping pole and Q val-
ues is among the most arcane and esoteric aspects of
active filter design. Although certain aspects of this proc·
ess are understood by experienced designers, current
knowledge is not sufficiently systematic to guarantee the
success of algorithmic optimization. Hence the need for
manual editing. In the discussion that follows, we will con-
sider briefly the underlying principals of optimization for
minimizing noise or harmonic distortion. This will be fol·
lowed by some concrete examples illustrating the effect
of these principles on real-world filter designs. It should
be emphasized that the fine-tuning process described
here mayor may not be necessary for a particular applica-
tion. If you need assistance in maximizing performance of
a filter using LTC parts, do not hesitate to contact our ap-
plications department for advice and counsel.

Optimizing for Noise

The key to noise optimization is the concept of band limit-
ing. Band limiting of noise is achieved by placing the 2nd
order section with the lowest Q and lowest Fa(in the case
of a lowpass filter) last in the cascade order. To under-
stand why this works, we must consider the response
shapes of 2nd order sections. A 2nd order section with a
low Q begins rolling off before Fa (Figure 4.1). The lower
the Q, the farther into the passband the rolloff begins. 2nd
order sections with high Q's, on the other hand, have reso-
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nance peaks centered at Fa (Figure 4.2).The higher the Q,
the higher the resulting peak. The most noise in cascaded
filters is contributed by the stages with the highest Q's,
the noise being greatest in the vicinity of the resonance
peaks. By placing the stage with the lowest Q and the low·
est Fa last in the cascade order, we place much of the
noise contributed by previous stages outside the pass-
band of this final stage, resulting in a reduction of the
overall noise. Also, because the final stage is the lowest in
Q, it contributes relatively little noise of its own. This tech·
nique allows the realization of selective elliptic lowpass
filters with acceptable noise levels.

Optimizing for Harmonic Distortion

Distortion in switched-capacitor filters can be caused by
three factors. First, distortion can be produced by loading.
The CMOS amplifiers that are used in LTC switched-
capacitor filter devices are not suited to driving heavy
loads. For best results, no node should see an impedance
of less than 10kO, and you will observe that FilterCAD
never calculates a resistor value below this limit. Further,
it may be desirable, when trying to obtain optimal distor·
tion performance, to scale up resistor values calculated by
FilterCAD by a factor of two or three to minimize loading.

The second factor that affects distortion performance is
the clock frequency. Each LTCswitched capacitor filter de-
vice has an optimum clock frequency range. Using a clock
frequency significantly above the optimal range will result
in increased distortion. For information on acceptable
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clock frequency ranges, consult LTCdata sheets and ap-
plication notes. If you do not observe these two design
factors, any attempt to optimize THD performance by edit-
ing cascading order will likely be wasted.

The third factor is distortion introduced by the non-linear
effects of the internal op amps when they swing close to
their rails.

Both the gain and the position of the highest Q section are
significant factors in this process. As previously dis-
cussed, high Q 2nd order sections (Q>0.707) have a reso-
nance peak in the vicinity of Fe. In order to maintain an
overall gain of 1 for the circuit, and to minimize distortion,
it is necessary to give high Q stages a DCgain of less than
1 and proportionally increase the gain of subsequent
stages. (Note that FilterCAD automatically performs
dynamic optimization for designs based exclusively on
mode 3A, independent of the cascading order of the 2nd
order sections.) If each stage were given a gain of 1, the
overall gain for the circuit would, of course, be 1. However,
when a high Q section has a gain of 1 at DC, the frequen-
cies in the vicinity of Fe will receive an additional boost

Figure 4.3. DC Gain of 1 Results in Amplitude Greater than OdB at
Fa; DC Gain is Reduced, Attenuating Frequencies in the Passband

from the resonance peak, resulting in a gain greater than 1
for those frequencies (see Figure 4.3and the LTC1060data
sheet). Depending on the strength of the input signal, the
output from the high Q stage may saturate the following
input stage, driving it into its non·linear region and thereby
creating distortion. Setting the gain of the high Q stage so
that the peak at Fe does not exceed OdB results in a DC
gain of less than 1 for the stage. This has the effect of sig-
nificantly attenuating most of the frequencies in the pass-
band, thereby minimizing the excursions of the input
amplifier. Although this strategy reduces harmonic distor-
tion, it can create noise problems, because the noise
generated by a 2nd order stage increases with Q. (As a rule
of thumb, noise can be regarded as increasing at approxi-
mately the square root of Q.) When the output from the
high Q stage is amplified by subsequent stages in order to
bring the overall passband gain up to 1, its noise compo-
nent is amplified proportionally (Figure 4.4). Thus, as we
stated previously, THD optimization is inimical to noise
optimization, so the "best" cascade is a compromise be-
tween the two.

z OdB ----------------------------------------------- -----------------------------------
«
'"

z OdB
~

Fo
FREQUENCY

SUBSEQUENT SECTION WITH LOWER Q, HIGHER GAIN. NOISE FROM PREVIOUS
SECTION IS BOOSTED.

Figure 4.4. Noise Generated by a High 0, Low·Gain Stage is
Amplified by a Subsequent Low 0, High·Gain Stage



MORE PRACTICAL EXAMPLES

To illustrate how the sorting of cascade order can affect
performance, we will examine two concrete examples. The
first is an 8th order Butterworth lowpass filter, normalized
to 1Hz. The maximum passband ripple is 3dB, the stop·
band attenuation is 48dB, the corner frequency is 1Hz, and
the stopband frequency is 2Hz. Two different versions of
this design were implemented, one with the cascade order
sorted for decreased harmonic distortion (THO), and the
other sorted for lowest noise. Table 4.1 shows the Fa, Q,
and Fn values for both versions of our example. Of the four
stages, three have Q's of less than 1, and one has a Q
greater than 2.5. The two cascade orders differ only in
the position of this high Q section. Observe that in the
first case, the highest Q stage was placed in the second
position, rather than the first, as the previous discussion
indicated. This is a compromise to minimize harmonic
distortion while maintaining acceptable noise perfor·
mance. In the second case, the highest Q section is
placed in the third position, followed immediately by the
section with the lowest Q. Since this is a Butterworth filter,
all of the sections have the same Fa. Nevertheless, be·
cause the low Q section has a droopy passband (see Fig·
ure 4.2) it still has the effect of band-limiting the noise
from the preceding section.

Mode 3 was selected for all stages because it produces
lower harmonic distortion than mode 1. The clock·fre·
quency ratio is 50:1, with an actual clock frequency of
400kHz giving an actual Fa value of 8kHz. These two de·
signs were breadboarded, using the resistor values given
in Table 4.2. All of the resistor values calculated by Filter·
CAD were multiplied by 3.5 to minimize loading, except for
the R1values, which were selected to set the gains for the
various sections so that no node will go above OdB(low·
pass gain for mode 3= R4/R1).

The harmonic distortion performance was measured,
yielding the results in Figures 4.5 and 4.6. The graphs
indicate total harmonic distortion as a percentage of the
input voltage. Each graph shows THO performance for in-
puts of 1V and 2.5VRMS.The difference between the two
designs with a 1VRMSinput is negligible, but with a 2.5V in-
put, a clear improvement in harmonic distortion is visible
in Figure 4.5. In both examples, the distortion takes a
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STAGE F. a Fn

Sorted for Reduced Harmonic Distortion

1 1.0000 0.6013 INFINITE
2 1.0000 2.5629 INFINITE
3 1.0000 0.9000 INFINITE
4 1.0000 0.5098 INFINITE

Sorted for Low Noise

1 1.0000 0.6013 INFINITE
2 1.0000 0.9000 INFINITE
3 1.0000 2.5629 INFINITE
4 1.0000 0.5098 INFINITE

Table 4.2. Resistor Values for 8th Order Bullerworth Lowpass

STAGE I R1 R2 R3 R4 I DC GAIN

Optimized for Reduced Harmonic Distortion

1 61.90k 60.90k 35.00k 60.90k 0.98
2 57.60k 35.00k 77.35k 35.00k 0.61
3 43.20k 42.35k 35.00k 42.35k 0.96
4 39.20k 71.75k 35.00k 71.75k 1.83

(Total) 1.05

1 60.20k 60.90k 35.00k 60.90k 1.01
2 41.60k 42.35k 35.00k 42.35k 1.00
3 56.20k 35.00k 77.35k 35.00k 0.60
4 43.20k 71.75k 35.00k 71.75k 1.66

(Total) 1.05

significant dip as we approach the corner frequency. This
is somewhat deceptive, however, since in this region the
third and higher harmonics begin to be attenuated by the
filter. While giving better harmonic distortion perform·
ance, Figure 4.5 has a wideband noise spec of 90IlVRMS,
whereas Figure 4.6 yielded a wideband noise spec of
80IlVRMS.

Our second example is a 6th order elliptic lowpass filter,
again normalized to 1Hz and realized in two versions, one
optimized for noise, and the other optimized for harmonic
distortion. This example has a maximum passband ripple
of 1dB, a stopband attenuation of 50dB, a corner fre·
quency of 1Hz.,and a stopband frequency of 1.20Hz..The
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clock to filter cutoff frequency ratio is 100:1.The cascade
orders for the two sections are given in Table 4.3.The case
of an elliptic filter is more complex than the Butterworth in
that the 2nd order responses have Fn values (notches or
O's)as well as Fo's and a's. The ratio of Fn to Fo in a par-
ticular section affects the height of the resonance peaks
resulting from high a's. The closer Fn is to Fo, the lower
the peak.

Table 4.3. Fo,0, and Fn Values for 6th Order Elliptic Lowpass

STAGE F. a Fn

Sorted for Reduced Harmonic Distortion

1 0.9989 15.0154 1.2227
2 0.8454 3.0947 1.4953
3 0.4618 0.7977 3.5990

Sorted for Low Noise

1 0.8454 30947 1.4953
2 0.9989 15.0154 1.2227
3 0.4618 0.7977 3.5990

In the first instance, the section with the highest Fo and
the highest Q is paired with the lowest Fn, and placed first
in the cascade order. The second·highest Q is paired with
the second-lowest Fn, and so on. This pairing minimizes
the difference between the highest peak and the lowest
gain in each second order section, Referring to Table 4.4,
which gives the resistor values and lowpass gains for the
stages, we see that the first stage has a very low gain of
0.067,and that most of the gain is provided by stage three,
which has the lowest Q. Thus, the input swings of the indi-
vidual stages are minimized, input·induced distortion is reo
duced, and an overall gain of 1 for the circuit is obtained.
(In the case of mode 3A sections, lowpass gain for the first
section is determined by R4/R1, and lowpass gain for
subsequent stages is determined by R4 divided by RL of
the previous stage. The final gain stage is provided by the
external op amp, and is determined by RG/RL. Highpass
gain is not taken into account here.)



Figure 4.8. TH0 Performance, 6th Order Elliptic Sorted for
Reduced THO
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Figure 4.10. Noise Performance, 6th Order Elliptic Sorted for
Reduced THO

In the second example, 2nd order stages have been sorted
for reduced noise. In this case, the stage with the highest
a and Fe is placed in the middle of the cascade order and
is followed immediately by the stage with the lowest a
and Fe. Most of the gain is provided by stage three, which
would tend to boost the noise generated by the previous
stage, but the greater·than·2:1 ratio between the Fe's of
the two sections causes much of the noise generated by
stage two to fall outside of stage three's passband (See
Figure 4.7). This produces the band-limiting effect de·
scribed previously, and improves the overall noise per-
formance of the circuit significantly. Figures 4.8 through
4.11detail noise and THO performance of the two 6th order
elliptic examples.
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Figure 4.9. TH0 Performance, 6th Order Elliptic Sorted for
Reduced Noise
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Figure 4.11. Noise Performance, 6th Order Elliptic Sorted for
Reduced Noise

Notch filters, especially those with high a's and/or high
attenuations, are the most difficult to implement with uni·
versal switched-capacitor filter devices. You may design a
notch filter with FilterCAO, with specifications that purport
to yield a stopband attenuation of greater than GOdB,and
find that in practice an attenuation of 40dB or less is the reo
suit. This is primarily due to the sampled data nature of the
universal filter blocks; signals of equal amplitude and oppo·
site phase do not ideally cancel when summed together as
they would do in a purely analog system. Notches of up to
60dB can be obtained, but to do so requires techniques not
covered by this version of FillerCAO. Some of these tech-
niques will beexamined here.
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STAGE

Sorted lor Low TH D

RL I LOWPASS GAIN

1 150.0k 10.00k 150.0k 10.00k 15.00k 10.00k 0.067
2 11.80k 43.20k 16.50k 22.60k 10.00k 1.650
3 16.90k 28.70k 78.70k 11.50k 130.0k 10.00k 7.870

External Op Amp 1.150

(Total) 1.000

1 43.20k 10.ook 36.50k 14.ook 110.0k 48.70k 0.324
2 10.00k 150.0k 10.ook 15.00k 1O.00k 0.205
3 28.00k 48.70k 130.0k 11.50k 130.0k 10.00k 13.00

External Op Amp 1.150

(Total) 0.993

STAGE F. a Fn

1 35735.6793 3.3144 39616.8585
2 44773.1799 3.3144 40386.8469
3 35242.9616 17.2015 39085.8415
4 45399.1358 17.2105 40935.5393

We will start by using FilterCAD to enter the parameters
for an elliptic notch response. We'll specify a maximum
passband ripple of 0.1dB, an attenuation of 60dB, a center
frequency of 40kHz, a stop bandwidth of 2kHz, and a pass
bandwidth of 12kHz. Given these parameters, FilterCAD
synthesizes the response shown in Table 4.5. This 8th or-
der filter claims an actual stopband attenuation of greater
than 80dB, a level of performance that would be ex-
ceedingly difficult to achieve in the real world. A working
filter with an attenuation of 60dB can be achieved, but
only be deviating significantly from the advice provided by
FilterCAD.

Switched-capacitor filter devices give the best perfor-
mance when certain operating parameters are kept within
particular ranges. Those conditions which produce the
best results for a particular parameter are called its "fig-
ure of merit." For example, in the case of the LTC1064,the
best specs for clock to center frequency ratio (FCLK/Fo)
accuracy are published for a clock frequency of 1MHz and
a a of 10.As we depart from this "figure of merit" (as we
must do to produce the 40kHz notch in our example), per-

STAGE F.(kHz) a Fn(kHz) MODE

1 40.000 10.00 40.000 1
2 43.920 11.00 40.000 2
3 40.000 10.00 40.000 1
4 35.920 8.41 40.000 3

formance will gradually deteriorate. One of the problems
that we will encounter is "a·enhancement." That is, the
a's of the stages will appear slightly greater than those
set by resistors. (Note that a-enhancement is mostly a
problem in modes 3 and 3A and is not limited to notches
but occurs in LP, BP and HP filters as well.) This results
in peaking above and below the notch. a-enhancement
can be compensated for by placing small capacitors
(3pF-30pF) in parallel with R4(mode 2 or 3).With this mod-
ification, a·enhancement can be compensated for in
notch filters with center frequencies as high as 90kHz.The
values suggested here are compromise values for a wide-
range clock·tunable notch. If you want to produce a
fixed-frequency notch, you can use larger caps at higher
frequencies. At least in the case of the LTC1064,a-en-
hancement is unlikely to be a problem below 20kHz. Ad-
ding capacitors at lower frequencies will have the effect of
widening the notch.

As mentioned previously, the other problem in implement-
ing notch filters is inadequate attenuation. For low fre-
quency notches, stopband attenuation may be increased



by boosting the clock to notch frequency up to 250:1.
Attenuation may also be improved by adding external
capacitors, this time in parallel with R2 (modes 1, 2, and
3A).Capacitors of 10pF-30pF in this position can increa~e
stopband attenuation by 5dB-10dB. Of course, this
capacitor/resistor combination constitutes a passive 1st
order lowpass stage with a corner frequency at 1/(21fRC).
In the case of the values indicated above, the corner fre-
quency will appear so far out in the passband that it is
unlikely to be significant. However, if the notch is needed
at a frequency below 20kHz, the capacitor value will need
to be increased and the corner frequency of the 1st order
stage will be lowered proportionally. For a capacitor of
100pF and an R2 of 10k, the corner frequency will be
159kHz,a value that is still unlikely to cause problems in
most applications. For a capacitor of 500pF (a value that
might prove necessary for a deep notch at a low center fre-
quency) and an R2 of 20k, the corner frequency drops
down to 15.9kHz. If maximum stopband attenuation is
more important than a wide passband, such a solution
may prove acceptable. Adding resistors in parallel with R2
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produces one additional problem: it increases the Q .that
we just controlled with the capacitors across R4. Resistor
values must be adjusted to bring the Q down again.

Table 4.6 contains the parameters for a rea/ notch filter
which actually meets our 60dB attenuation spec using the
techniques previously outlined. This is essentially the
clock-tunable 8th order notch filter described in the
LTC1064data sheet. Note the mixture of modes used. This
is a solution that FilterCAD is incapable of proposing.

It should be apparent that the methods for notch filters de-
scribed here are primarily empirical at this point, and that
the account given here is far from comprehensive. We
have not even touched on optimizing these filters for noise
or distortion, for instance. No simple rules can be given for
this process. Such optimization is possible, but must be
addressed on a case-by-case basis. If you need to imple-
ment a high-performance notch filter and the tips above
prove inadequate, please call the LTCapplications depart-
ment for additional assistance.
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APPENDIX 1

The FilterCAD Device·Parameter Editor

The FilterCAD Device·Parameter Editor (FDPF.EXE)allows
you to modify the FilterCAD Device·Parameter File
(FCAD.DPF). This file contains the data about LTC
switched·capacitor filter devices which FilterCAD uses in
making device selections in its implementation phase.
The Device·Parameter Editor is a menu·driven program
that has a similar command structure to FilterCAD. Its
main menu includes the following entries:

1. ADD New Device
2. DELETEDevice
3. EDITExisting Device
4. SAVEDevice Parameter File
5. LOAD Device Parameter File
6. CHANGE Path to Device Parameter File

The principle reason for editing the Device·Parameter File
is to add data for new LTCdevices that were released after
this revision of FilterCAD. To enter data for a new device,
press

You will see a blank form with fields for the necessary pa·
rameters. Use the arrow keys to move through the fields
and type in the appropriate values from the LTC data
sheet. Press

when you have finished entering the data. Don't forget to
SAVEthe new .DPF file. The program will inform you that
the FCAD.DPF already exists and ask you whether you
want to overwrite it. Press
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Another possible reason for using the Device·Parameter
Editor is to delete some devices from the Device·Parame·
ter File so that FilterCAD could only select devices that
you haveon hand. Todelete a device, press

to cycle through the list of devices until it displays the one
that you wish to delete.

You can also use the Device·Parameter Editor to edit the
data for a device supported by this version of FilterCAD in
the event that the specifications for that device are reo
vised. To edit a device already in the Device·Parameter
File, press

You will see a form, like the one described previously for
adding new devices, except the fields will contain data.
Use the

keys to page through the devices to find the one you wish
to edit, move the cursor to the fields that you want to
modify and type in the new data. You must press

when you have finished editing.

The remainder of the options on the Device·Parameter File
Editor's main menu are self explanatory.
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Parasitic Capacitance Effects in
Step-Up Transformer Design
Brian Huffman
One of the most critical components in a step-up design
like Figure 1 is the transformer. Transformers have para-
sitic components that can cause them to deviate from
their ideal characteristics, and the parasitic capacitance
associated with the secondary can cause large resonating
current spikes on the leading edge of the switch current
waveform. These spikes can cause the regulator to exhibit
erratic operating conditions that manifests itself as duty
cycle instability. This effect is exacerbated in very high
voltage designs. Attention to transformer design will cure
this problem.
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Figure 2 shows the high-frequency current paths of the
parasitic capacitors. In the analysis of operation assume
the input and output voltages are at AC ground. Thus, the
parasitic capacitors are all in parallel. The transformer's
secondary provides the AC current path for these capaci-
tors. The current flowing through the secondary produces
N times the current in the primary. As the parasitic capaci-
tance and turns ratio increase, the primary current be-
comes progressively larger.
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The operation waveforms for this circuit are shown in Fig-
ure 3. When the switch (Vsw pin - trace A) is turned "on"
the primary is pulled to ground. The secondary cannot in-
stantly follow this action because of the loading effects of
it's parasitic capacitors. The effects of the parasitic
capacitance can easily be seen in the leading edge of the
switch current waveform (trace B), This current spike is
caused by the loading effect of the secondary parasitic
capacitances, The secondary output (trace D) swing can
exceed 600V, As such, a large amount of charge (0 = C-V)
is needed to swing this node during the switching
transients.

The secondary current is amplified by the turns ratio and
produces a primary current; IpAi= N(lps + Is + ID). This
amplifying effect can be observed by comparing the sec-
ondary current (trace C), which does not include the ef-
fects of Is, with the switch current (trace B), The result is a
rather large current spike.

The oscillatory nature of the response is formed by a
series combination of the leakage inductance and re-
flected secondary capacitance (Figure 4), Any impedance
placed across the secondary appears at the primary

terminals reduced in magnitude by a factor of the turns ra-
tio squared. For example, if N = 10, then a 200n resistor
looks like 2n and a 100pF capacitor looks like 0.01)4F, so
even a small secondary capacitance can heavily load the
primary, The series LC forms a self·resonating circuit that
rings at the resonant frequency of the transformer.

The output switching diode, D1, can also cause narrow
spikes on the current waveform. In this case, the reverse
recovery time of the diode is the important parameter. Re-
verse recovery time occurs because the diode "stores"
charge during its forward conducting cycle. This stored
charge causes the diode to act like a low impedance con-
ductive element for a short period of time after reverse
drive is applied.

There is a short period of time (blanking time) following
switch turn "on" during which the LT1070 ignores the
switch current waveform. This blanking time eliminates
premature termination of the "on" pulse caused by the
leading edge current spike in the current waveform, Once
this blanking time has elapsed the output switch will turn
"off" when the peak switch current reaches the threshold
level established by the error amplifier output (Ve pin).

VIN

A= 50V/DIV Vsw
lLEAKAGE

N2·(CS + Cps + CD)
B= 2AiDIV Isw

VIN

C= O.5AIDIV 'SECONDARY

D= 200VIDIV VSECONDARY
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This internally fixed blanking time, 400ns, is appropriate
for typical applications. However,for high voltage applica-
tions the blanking time becomes a critical parameter. The
effects of the transformer's parasitic capacitance is to ex-
tend the "spike" width past the blanking time causing the
LT1070to mistrigger, as shown in Figure 5. The duty cycle
variations in the switch pin (trace A) and switch current
(trace B) waveforms are the result of this problem.
Figure 6 details the interaction between blanking time and
peak switch current. Notice that the switch is turned "off"
as soon as the LT1070samples the switch current. For the
LT1070to function properly, the spike current must be be-
low the normal peak switch current before the 400ns
blanking period is over.

Another problem induced by the parasitic capacitance can
also be seen in Figure 3. High reverse current can flow in
the Vsw pin (trace B) due to the oscillatory nature of the
transformer. This will forward bias the LT1070's substrate
diode, which is inherent in the output transistor (see Ap-
pendix A). Unwanted current can flow almost anywhere
within the IC's circuitry when the substrate diode is for-
ward biased, causing unpredictable duty cycle behavior.

The substrate diode current can be eliminated by placing
a Schottky diode, D2, between the Vsw pin and ground
(Figure 1). The reverse primary current will flow through
the Schottky diode instead of the LT1070.Another way to
prevent the substrate diode from conducting is to place an
RC snubber, R1-C1,on the secondary. This will attenuate
the ringing.

Well-known transformer winding techniques can be used
to minimize parasitic capacitance in step up transformers.
The basic technique is to wind the secondary layers in a
manner that minimizes the voltage difference between
adjacent layers. A standard way of accomplishing this is
to wind several separate secondary "stacks" on a split
bobbin. This and other techniques will cause a dramatic
reduction in secondary capacitance.

Coiltronics
984Southwest 13th Court
Pompano Beach, FL 33069
305-781-8900
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In a junction isolated IC the monolithic transistors are sur-
rounded by an isolating P-N junction, as illustrated in
Figure At When this junction is reverse biased, it elec-
trically isolates one device from another on the chip.
However, this device structure also forms parasitic lateral
NPN transistors (see Figure A2). The P substrate is the
base, the N-epi region is the emitter and the collector is
any other N-epi pocket. A simplified schematic diagram of
the NPN cell is shown in Figure A3.

If the vertical NPN output switch transistor is operating in
it's normal mode, either "on" or "off," the parasitic tran-
sistor is off and will have no effect. The parasitic becomes
active when the vertical collector is pulled to a potential
below that of the substrate by the reverse switch current.
This forward biases the collector substrate junction,
which is commonly called the substrate diode. As a result,
the parasitic NPN draws current from other portions of the
circuit. This current will add to the base drive of lateral
PNP's and to the collector current of NPN's, causing the
IC to behave in mysterious and unpredictable ways (see
Figure A2).
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Take the Mystery Out of the Switched Capacitor Filter:
The System Designer's FilterCompendium

Overview

This Application Note presents guidelines for circuits
utilizing Linear Technology's switched capacitor filter
family. Although the switched capacitor filter has been de-
signed into "telecom" circuits for over 20 years, the newer
devices are faster, quieter, and lower in distortion. These
filters now achieve total harmonic distortion (THD) below
- 76dB (LTC1064·2), wideband noise below 55jLVRMS
(LTC1064-3),high frequency of operation (LTC1064-2,-3,
and -4 to 100kHz) and steep rolloffs from passband to
stopband (LTC1064-1: - 72dB at 1.5 x fCUTOFF).These
specifications make the new generation of switched
capacitor filters from LTCcandidates to replace all but the
most esoteric of active RCfilter designs.

Application Note 40 takes the mystery from the design of
high performance active filters using switched capacitor
filter integrated circuits. To help the designer get the high-
est performance available, this note covers most of the
problems prevalent in system level switched capacitor fil-
ter design. The note covers both tutorial filter material and
direct operating criteria for LTC's filter parts. Special
attention is given to proper breadboarding techniques,
proper power supply selection and design, filter response
selection, aliasing, and optimization of dynamic range,
noise and THD. These issues are presented after a short
introduction to the switched capacitor filter.

The Switched Capacitor Filter

Why use switched capacitor filters? One reason is that
sampled data techniques economically and accurately
imitate continuous time functions. Switched capacitor fil-
ters can be made to model their active RCcounterparts in
the continuous time domain. The advantages of the

switched capacitor approach lie is the fact that a MOS
integrated capacitor with a few switches replaces the re-
sistor in the active RC biquad filter allowing full filter im-
plementation on a chip. The building block for most filter
designs, the integrator, appears in Figure 1. When imple-
mented with resistors, capacitors and op amps it is expen-
sive and sensitive to component tolerances. The switched
capacitor integrator, as seen in Figure 2, eliminates the re-
sistors and replaces them with switched capacitors. The
dependency on component tolerances is virtually elimi-
nated because the switched capacitor filter integrator
depends on capacitor value ratios, and not on absolute
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values. This provides very good accuracy in setting center
frequencies and Q values. Additionally, this implementa-
tion allows the effective resistor value to be varied by the
clock operating the switches. This allows the resistors
(and therefore the filter center frequencies) to be varied
over a wide range (typically 10,000:1or more).Since exist·
ing integrated circuit technology can implement capacitor
ratios much more accurately than resistor ratios (see Fig-
ure 2), the switched capacitor filter can provide filters with
inherent accuracy and repeatability. Active RC configura·
tions are limited by resistor and capacitor tolerances (and
to a secondary extent, the accuracy and bandwidth of the
op amps) and usually require trimming. Switched capaci-
tor filters do have disadvantages compared to their active
RC competitors. These include somewhat more noise in
some circuit configurations and a phenomenon called
clock feedthru. Clock feedthru is circuit clock artifacts
feeding through to the filter output. It is present in virtually
all sampled data systems to some degree. LTChas greatly
improved this parameter over the past few years to the
point where clock feedthru in the LTC1064series is rarely a
problem.

Present day switched capacitor filters include one to four
2nd order sections per packaged integrated circuit. Not
long ago the switched capacitor filter was only considered
for low frequency work where signal to noise ratio was
non·critical. This has changed for the better in recent
years. Recent switched capacitor filter designs allow up to
8th order switched capacitor filters to be implemented
that compete successfully with the typical multiple opera·
tiona~ ampl,ifier designs in critical areas, including signal
to nOiseratios, stopband attenuation and maximum cutoff
frequencies.1

CIRCUIT BOARD LAYOUT CONSIDERATIONS

The most critical aspect of the testing and evaluation of
any switched capacitor filter is a proper circuit board lay·
out. S~i.tche~ ca~acitor filters are a peculiar mix of analog
and digital cirCUitry that require the user to take time to
layout the circuit board, be it a breadboard or a board for
the space station. All this hoopla is standard "do as I say,

Note 1: Sevastopoulos, Nello, and Markell, Richard, "Four-Section
Switched-Cap Filter Chips Take on Discretes." Electronic Products,
September 1, 1988.

Figure 3. Improperly Constructed "Poor" Switched Capacitor
Filter Breadboard

not as I do" in most data sheets. To give the issue its
proper credibility, two breadboards were built of the same
circuit. The first was built on a "protoboard." No bypass
capacitors were used to isolate the power supply from the
circuitry and, of course, there was no ground plane. The
clock line consisted of flying wires as opposed to the coax
used on the second or "recommended" breadboard. Addi-
tionally, when tests were run on the first breadboard in
most cases, no buffer operational amplifier at the filter
output was used. A photograph of the first protoboard
breadboard is shown as Figure 3. It should be emphasized
here that the protoboard is a very good board for some
types of breadboarding scenarios; it is just not very useful
for the type of layout a switched capacitor filter circuit
requires.

Figure 5 shows a photograph of a properly constructed
switched capacitor filter breadboard. The circuit is built
on a copper clad board which acts as a ground plane. The
switched capacitor filter and buffer operational amplifier
are well bypassed. All leads are kept as short as possible
an~ the switched capacitor filter clock input is through a
shielded cable. The second breadboard uses a single
point ground in the form of the whole board. (Figure 4
shows ~hesche~atic for both breadboards.) Single point
grounding techniques become more and more critical as
switched capacitor filter parts are incorporated into large
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Figure 5. Properly Constructed "Good" Switched Capacitor Filter
Breadboard

boards containing many analog and digital devices. In
these large boards, and in larger multi-board systems, lots
of design time should be spent on single point grounding
techniques and noise abatement,2-6 It will be worthwhile
in the long run.

Test results comparing the same circuit built on each
breadboard are very interesting. Figure 6 shows the pass-

band response of an 8th order Elliptic lowpass filter, the
LTC1064-1.The figure clearly illustrates the ripple in the
passband that can be attributed not to the filter, but to the
breadboarding technique. The good breadboard is a factor
of 5 to 10times better than the inadequate breadboard.

Figure 7 shows the two breadboard circuits measured in
the filter stopband. The top trace is the inadequate bread-
board while the bottom is the well constructed model.

Note 2: Brokaw, A. Paul, "An IC Amplifier User's Guide to Decoupling,
Grounding, and Making Things Go Right for a Change." Analog Devices
Data·Acquisition Databook 1984, Volume I, Pgs. 20-13 to 20-20.
Note 3: Morrison, Ralph, "Grounding and Shielding Techniques in
Instrumentation." Second Edition, New York, NY: John Wiley and Sons,
Inc., 1977.
Note 4: Motchenbacher, C. D., and Fitchen, F. C., "Low-Noise Electronic
Design." New York, NY: John Wiley and Sons, Inc., 1973.
Note 5: Rich, Alan, "Shielding and Guarding." Analog Dialogue, 17, NO.1
(1983),8-13. Also published as an Application Note in Analog Devices Data-
Acquisition Databook 1984, Volume I, Pgs. 20-85 to 20-90.
Note 6: Rich, Alan, "Understanding Interference-Type Noise." Analog
Dialogue, 16, NO.3 (1982),16-19. Also published as an Application Note in
Analog Devices Data·Acquisition Databook 1984, Volume I, Pgs. 20-81 to
20-84.
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Figure 6. Passband Response - 8th Order Elliptic Lowpass Filter
(LTC1064-1).Top Trace: Improperly Constructed Breadboard, No
Buffer. Bottom Trace: Good Breadboard, with Buffer. Both:
fCLK= 2MHz, fCUTOFF= 20kHz, Vs = ± 8V. Note: Top Trace Was
Offset to Increase Clarity .

•VrMS
S TART I 50S Hz
X: 20625 Hz

Figure 8. Wideband Noise Measurement - 8th Order Elliptic
Lowpass Filter (LTC1064·1)Using Improper Breadboarding
Techniques. fCLK= 2MHz, fCUTOFF= 20kHz, Vs = ± 8V, Buffered
with LT1007.

Note the loss of between 10dB and 20dB of attenuation.
Also notice the notch, almost 80dB down from the input
signal, which is clearly shown when using a good bread-
board and which cannot be seen using the poorly con-
structed breadboard.

Figures 8 and 9 show the noise for the two different bread·
boards. Two plots were necessary as the noise was more
than an order of magnitude greater when the poor bread-
board was used. These tests were run using the identical
switched capacitor filter part (LTC1064-1CN)which was
moved from one breadboard to the next to ensure exactly
the same measurement conditions, except for the bread·
boards themselves.

Figure 7. Stopband Response - 8th Order Elliptic Lowpass Filter
(LTC1064-1).Top Trace: Improperly Constructed Breadboard, No
Buffer. Bottom Trace: Good Breadboard, with Buffer. Both:
fCLK= 2MHz, 'CUTOFF= 20kHz, Vs = ± 8V.

•'Vrllls
START! sse Hz
XI 20875 Hz

Figure 9. Wideband Noise Measurement - 8th Order Elliptic
Lowpass Filter (LTC1064·1)Using Good Breadboarding
Techniques. fCLK= 2MHz, 'CUTOFF= 20kHz, Vs = ± 8V, Buffered
with LT1007.

Not shown graphically, but measured, was the offset volt-
age of the switched capacitor filter part in each bread·
board. In the poorly constructed board the offset was a
whopping 266mV, while in the other circuit board it was
40.7mV,almost a factor of seven times less.

Carefully note that all measurements in this Application
Note (with a few noted exceptions) were performed with a
good 10x, low capacitance, scope probe (Le. Tektronix
P6133)at the output of the buffer operational amplifier.
The probe ground lead length was kept below 1" in length.

Moral of this section: Beware the breadboard that sits on
your bench. It may not suffice to resurrect your old 741



breadboard to test today's switched capacitor filters. They
require fast clocks, buffering and good breadboarding
techniques to deliver their optimum specifications.

POWER SUPPLIES
Power supplies, proper bypassing of these supplies, and
supply noise are usually given little attention in the broad
spectrum of chaos called system design. Beware! Sam-
pled data devices such as switched capacitor filters, A-to-
D and D-to-A converters, chopper stabilized operational
amplifiers and sampled data comparators require careful
power supply design. Poorly chosen or poorly designed
power supplies may induce noise into the system. Simi·
larly, improper bypassing may impair even the most ideal
of power supplies. Common complaints range from noise
in the passband of a switched capacitor filter to spurious
A-to-D outputs due to high frequency noise being aliased
back into the signal bandwidth of interest. These effects
are, at best, difficult to find and, at worst, worth a call to
the local goblin extermination crew (LTC's Application
Group!).

Figure 10 shows an example of how a switcher can cause
problems. The figure was generated by using the bread-
board in Figure 3. An industry standard + 5V to ± 15V
switcher module was used to power the board. The
switcher was unbypassed to better illustrate the potential
problems.

Figure 10 can be compared directly with Figure 7 to see
the switcher noise. The poor breadboard causes the stop·
band attenuation to be well abovewhere it should be when
proper breadboarding techniques are used but switcher
harmonics are also evident. These appear in Figure 10.
Some of these peaks are only - 45dB down from the
signal of interest in the passband and could be confused
with a legitimate signal. Clearly, if a filter is designed to be
BOdBdown in the stopband, using a noisy switcher will not
do. Figure 11shows the schematic diagram of a good, low
noise switcher for system use. It produces ± 7.5V with
200llV of noise. This switcher is an excellent example of
good, low noise design techniques.7

All power supplies in a good system design should be
properly bypassed. There are as many techniques for
Note 7: Williams, Jim, and Huffman, Brian, "Some Thoughts on DC·DC
Converters," Linear Technology AN29.
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Figure 10. Stopband Response - 8th Order Elliptic Lowpass
Filter (LTC1064·1).Power Supply Is Unbypassed Industry
Standard Modular + 5V to ± 15V Switcher. The Improperly
Constructed Breadboard Was Used For This Test. 'CLK = 2MHz,
'CUTOFF =20kHz, Vs = ± 7.5V,(Switcher Zenered to ± 7.5V).

bypassing as voodoo curses, so we will not overly dwell on
the subject. For switched capacitor filters, we recommend
good, low ESRbypass capacitors (0.1IlFminimum, 0.221lF
better) as close to the power supply pins of the part as
possible. High quality capacitors are recommended for
bypassing. For more details on how to identify an ade·
quate capacitor see Appendix B. We recommend separate
digital and analog grounds with the two only being tied to-
gether as close to supply common as practical. The
ground lead to the bypass capacitors should go to the ana·
log ground plane.

The prudent layout includes bypass capacitors on the pins
of the switched capacitor filter which are tied to a circuit
potential for programming, such as the 50/100 pins.
Should spikes and/or transients appear on this pin, trouble
will ensue. The summing junction pins SA, SB, etc. are
also candidates for bypassing if they are tied to analog
ground in a single supply system where lots of noise is
present. This last issue is probably icing on the cake in
most cases, but it will help lower the noise in some cases.

Last, but not least, the power supplies used to power the
switched capacitor filters limit the maximum input and
output signals to and from the filters. Thus, power sup·
plies have a direct effect on the system dynamic range.
For the LTC1064type filter ± 7.5V supplies provide ± 5V
output swing, while ± 5V supplies provide ± 3.3V of
swing. For a filter with 450mVp-p of output noise these
numbers translate to 87dB and 83dB of dynamic range
respectively.
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This section considers some aspects of switched capaci·
tor filter design which are related to the input signal, the
filter's input structure and the overall filter response.

Offset Voltage Nulling

Typical offset voltages for an LTC1064 or an LTC1064·X
through the four sections may range up to 40mV or 50mV.
While this may not be of concern for AC coupled systems,
it becomes important in DC coupled applications. The
anti-aliasing filter used before an AID converter is a typical
application where this is an important concern. For a
5VQ-pinput signal, the least significant bit of an a·bit AID
converter is approximately 20mV, and one half the LSB is
approximately 10mV.This implies that use of a filter (or for
that matter, any type of device other than a straight wire)
before an a·bit AID converter requires offset voltages be·
low 10mV. For a 12·bit converter this provision mandates
stringent 600llV of offset at the AID's input.

Several methods of offset cancellation are common. The
usual method seen with operational amplifiers utilizes a
potentiometer to inject a correction voltage. Figure 12
shows this arrangement with an LTC1064·1Elliptic filter.
This method can correct the initial offset, but both the
adjustment circuit and the CMOS operational amplifiers in
the switched capacitor filters have temperature coeffi·
cients that are not zero. Thus, if this circuit is used to cor·
rect the offset at 25°C, it will not fully correct the offset at
another temperature. An advantage of this type of offset

14
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nulling is that the filters frequency response is affected
very little. Figure 13 shows the time domain response of
Figure 12's filter circuitry. The rising and falling edge over·
shoot is typical of high Q filters be it switched capacitor or
active RC. (This time domain performance parameter, the
risetime, is treated separately in a latter section.) Com-
pare Figure 13 with Figure 15 to observe the time domain
response of an open loop offset correction scheme (the
potentiometer) versus Figure 14's closed loop servo.

Figure 14 shows the circuit of an LTC1064·1 Elliptic filter
with the same LT1007output buffer amplifier used in Fig·
ure 13. An addition is the LT1012 operational amplifier
used as a servo to zero the offset of the filter. This arrange·
ment can provide offsets of less than 100llV which is quite
acceptable for a 12·bit system. The servo generates a low

Figure 13. Time Domain Response of Elliptic Filter (LTC1064·1)
Without Servo in Figure 12. Input Signal 1Hz Square Wave.
LTC1064·1 Cutoff (fo) = 100Hz. Horiz =O.1slDiv., Vert =O.5V/Div.
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Figure 15. Time Domain Response of Elliptic Filter (LTC1064·1)
With Servo per Figure 14. Input Signal 1Hz Square Wave.
LTC1064·1 Cutoff (fo) = 100Hz. Horiz = O.1s/Div., Vert = O.5V/Div.

frequency pole at about O.16Hzwhich can interact with
some signals of interest to some system users. Figure 15
shows the low frequency square wave response. Figure 16
shows the distortion introduced for large signal inputs at a
frequency near the servo pole. Figure 17 shows a sine
wave input to the servo system, but at lower amplitude and
higher frequency. The small distortion introduced at this
higher frequency is probably traceable to the servos high

Figure 16. Large Signal Response - Output 01 Elliptic Filter
(LTC1064·1) Plus Servo (Figure 14). Input: 1VRMS, O.092Hz Sine
Wave. Filter ICUTOFF = 100Hz.

frequency cutoff. Figure 19 shows the servo response to
the small signal input at O.092Hzshown in Figure 18.The
servo tracks this input, but at a lower amplitude. The servo
thus looks like a highpass filter to the input signal at input
frequencies below the servo pole frequency. Servo offset
nulling can be extremely useful in systems if the limita-
tions described are tolerable.
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Figure 17. Small Signal Response - Output of Elliptic Filter
(LTC1064·1) Plus Servo (Figure 14). Input: 50mVRMS, 2Hz Sine
Wave. FilterfcUTOFF= 100Hz.

Figure 18. Input Signal (50mVRMS, O.092Hz) to Elliptic Filter
(LTC1064·1) as Shown in Figure 14.

Figure 19. Small Signal Output Response of Elliptic Filter
(LTC1064·1) Plus Servo to Input Shown as Figure 18. Filter
fCUTOFF = 100Hz.

Slew Limiting

The input stage operational amplifiers in active RC or
~witched capacitor filters can be driven into slew limiting
if the input signal frequency is too high. Slew limiting is
usually caused by a capacitance load drive limitation in
the op amps internal circuitry. Contemporary switched ca·
pacitor filter devices are designed to avoid slew limiting in
almost all cases.

As an example, the LTC1064 filter has a typical slew rate
of 10V//ls. Since slew rate is a large signal parameter, it
also defines what is called the power bandwidth, given as

fp=~(See Note 8)
2'1l"Eop

where fp is the full power frequency and Eop is the peak
amplifier output voltage.

For the LTC1064 operating at Vs = ± 7.5V, the device can
swing ± 5V or 10V peak. Based on the op amp slew rate
performance only, the full power frequency is calcu·
lated as,

fp = 10V = 159kHz
10-6s 2 '1l" 10V

This fp is sufficient for all but the most stringent switched
capacitor filter applications of the LTC1064.

Aliasing

Since the switched capacitor filter is based around a
"switching capacitor" to generate variable filter parame·
ters, it is by definition a sampled data device. Like all other
such devices it is subject to aliasing. Aliasing is a com·
plex subject with lots of mathematics involved. As such,
its derivation is the subject of many paragraphs in text·
books.9 The system designer can get a meaningful handle
on the subject by a series of spectrum analyzer views.

Note 8: Jung, Walter, "IC Op Amp Cookbook." Howard W. Sams, 1988.
Note 9: Schwartz, Mischa, "Information Transmission, Modulation and
Noise." New York, NY: McGraw Hill Book Co., 1980.
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Figure 20 through Figure 23 each show three spectrum
segments while the switched capacitor filter's input signal
varies from 100Hz to 49.9kHz. Each figure shows a differ·
ent input frequency and spectrum plots of the filter's pass-
band (10Hz-510Hz), the frequency spectrum around fCLK/2
(25kHz) and the frequency spectrum around fCLK(50kHz).
The switched capacitor filter is a lowpass Elliptic filter
(LTC1064·1) with a cutoff frequency set to 500Hz
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Figure 20. Elliptic Switched Capacitor Filter (LTC1 064·1j Aliasing
Study. fo = 500Hz, felK = 50kHz, Vs = ± 8V,
VIN = 100Hz@500mVRMS· Note Dynamic Range Limitation.

(fCLK/fcUTOFF= 100:1). The clock used for this cutoff is
50kHz. Thus, from sampled data theory, aliasing begins
when the input signal passes the fCLK/2threshold (25kHz).

Figure 20 shows the LTC1064·1 in its normal mode of
operation with the signal (100Hz)within the passband of
the filter. Note the small second harmonic content
(- BOdS)component which also appears in the passband.
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Figure 21. Elliptic Switched Capacitor Filter (LTC1064·1jAliasing
Study. '0= 500Hz, 'elK = 50kHz, VS = ± 8V,
VIN =24.9kHz@500mVRMS.



Application Note 40

No signals are seen around fCLK/2,however, the original
signal (100Hz) appears attenuated (sin x/x envelope reo
sponsel at 49.9kHz and 50.1kHz. This is consistent with
sampled data theory and is a very important anomaly to be
taken into consideration in some systems. Thus, for any
signal input there will be side lobes at fCLK± fiN. These
side lobes will be attenuated by the sin xix envelope famil·
iar to those who work with sampled data systems.
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Figure 22. Elliptic Switched Capacitor Filter (LTC1 064·1) Aliasing
Study. 10= 500Hz, IClK = 50kHz, Vs = :!: BV,
VIN = 25.1kHz@500mVRMS·

Figure 21 shows the same series of spectral photos for an
input signal of 24.9kHz. This signal is outside of the filter
passband, so the signals are much attenuated. The signal
seen at 200Hz in this series of plots is actually the alias of
the 49.8kHz second harmonic of the input signal. The
signals seen around 25kHz are the 24.9kHz input and the
fCLK- fiN signals (see your textbook)!! The signals around
and at 50kHz are clock feedthru, and the second harmonic
images of the 24.9kHz input signal around the clock
frequency.
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Figure 23. Elliptic Switched Capacitor Filter (LTC1 064·1) Aliasing
Study. 10= 500Hz, IClK = 50kHz, Vs = :!: BV,
VIN = 49.9kHz@500mVRMS. Note Dynamic Range Limitation.
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Similarly, Figure 22 shows spectral plots for an input
signal of 25.1kHz. The signals appear in the same loca·
tions as Figure 21, but for different reasons. The 200Hz
signal in this figure is the alias of the 50.2kHz.The signals
around 25kHz are the input signal at 25.1kHz and it's alias
at 24.9kHz.

Figure 23 details aliasing at its very worst. The input
signal here is 49.9kHz which aliases back, in the filter
passband, to 100Hz and appears almost identical to Fig·
ure 20's 100Hzsignal. The input signal appears at 49.9kHz
with its 50.1kHz mirror image.

Of additional note to the system designer is the LTC1062
5th order dedicated Butterworth lowpass filter. This device
makes use of a continuous time input stage (an Rand C)
to prevent aliasing, making it attractive in some
applications.

FILTER RESPONSE

What Kind of Filter Do I Use? Butterworth, Chebyshev,
Bessel or Elliptic

One of the questions most asked among system design·
ers at the shopping malls of America is "how do I choose
the proper filter for my application?" Aside from the often
used retort, "call Linear Technology," a discussion of the
types of filters and when to use them is appropriate.

A typical application could involve lowpass filtering of
pulses. This filter might be in the IF section of a digital ra·
dio receiver. The received pulses must pass through the
filter without large amounts of overshoot or ringing. A
Bessel filter is most likely the filter of choice.

Another application may be insensitive to filter pulse reo
sponse, but requires as steep a cutoff slope as possible.
This might occur in the detection of a series of continuous
tones as in an EEGsystem. If filter ringing is irrelevant, an
Elliptic filter may be a good choice.

The trade·offs involved in filter design are critical to the
system designers understanding of this topic. This means
understanding what happens in both the time domain and
in the frequency domain. At the risk of sounding pedantic,
a discussion of this topic is appropriate. A time domain reo
sponse can be viewed on an oscilloscope as amplitude

versus time. It is in the time domain that pulse overshoot,
ringing and distortion appear. The frequency domain (am·
plitude versus frequency) is traditionally where the de·
signer looks at the filter's response (on a spectrum
analyzer). A wonderful response in the frequency domain
often appears ugly in the time domain. The converse may
also be true. It is crucial to examine both responses when
designing a filter!

Figures 24 through 28 reprinted here from Zverev10 show
the time domain step response for the Butterworth, two
types of Chebyshev, a Bessel and a synchronously tuned
filter. (The synchronously tuned filter is one that is made
up of multiple identical stages, but contains no notches.
See AN27A for more discussion on this topic.) Figure 29
shows the time domain response of the LTC1064·18th
order Elliptic LP filter to a 10Hz input square wave. The
photo shows that a system requiring good pulse fidelity
cannot use this filter. Figure 30 shows a better filter for
this application. It is the LTC1064·3,an 8th order Bessel
LPF.The response has a nice, rounded off risetime with no
overshoot. The trade·off appears in the frequency domain.

Figures 31 through 34 show the frequency domain reo
sponse of four 8th order filters, the LTC1064·1through
LTC1064·4.(Figure 35 shows an expansion of the compari·
son of the LTC1064·1and LTC1064·4rolloff from the pass·
band to the stopband.) The LTC1064·1and LTC1064·4are
8th order Elliptic filters, while the LTC1064·2is a Butter·
worth and the LTC1064·3is a Bessel. The rolloff from the
passband to the stopband is least steep for the LTC1064·3
Bessel filter. This is the price paid for the linear phase reo
sponse which enables the filter to pass a square wave
with good fidelity. Similarly, the LTC1064·2Butterworth
trades slightly worse transient response for steeper
rolloff.

The system designer must carefully consider a potential
filtering solution in the time and frequency domains. Fig·
ures 24 through 34 are intended as examples to help the
designer with this process. There are an infinite variety of
filters that can be implemented with switched capacitor
filters to obtain the precise response required for one's
system.

Note 10; Z~ere~, "Handbook of Filter Synthesis." New York, NY: John Wiley
and Sons, Inc., Copyright 1967.
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Figure 26. Step Response for Chebyshev Filters with O.01dB
Ripple"

Figure 25. Step Response for Chebyshev Filters with O.1dB
Ripple"

Figure 27. Step Response for Maximally Flat Delay (Bessel)
Filters"

'From Anatoll. Zverev, "Handbook of Filter Synthesis," Copyright © 1967John
Wiley and Sons, Inc., Reprinted by permission of John Wiley and Sons, Inc.



Application Note 40

Figure 29. LTC1064·1 Time Domain Response. Filter
'CUTOFF = 100Hz. Input: 10Hz Square Wave. Horiz = 20mslDiv.,
Vert = 0.5VlDiv.
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Figure 31. Frequency Domain Response 01 LTC1064·1 Elliptic
Filter.lcUTOFF= 10kHz, Vs = ± 7.5V, LT1007 Output Buller, 100:1.
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Figure 33. Frequency Domain Response 01 LTC1064·3 Bessel
Filter.lcUTOFF = 10kHz, Vs = ± 7.5V, LT1007 Output Buller, 75:1.

Figure 30. LTC1064·3 Time Domain Response. Filter
'CUTOFF = 100Hz. Input: 10Hz Square Wave. Horiz = 20mslDiv.,
Vert = 0.5VlDiv.
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Figure 32. Frequency Domain Response 01 LTC1064·2
Butterworth Filter.lcuToFF = 10kHz, Vs = ± 7.5V, Ln007 Output
Buller, 50:1.
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Figure 34. Frequency Domain Response 01 LTC1064·4 Elliptic
Filter.lcUTOFF = 10kHz, Vs = ± 7.5V, LT1007 Output Buller, 50:1.
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The perennial question, "how fast can I sweep?" a filter
from one frequency to another can be answered by looking
at the transient response curves and renormalizing them
to the desired cutoff frequency. Then the settling time can
be read off the curve. A frequency sweep is in many as-
pects like the settling time performance to a pulse input.

Table 1 details the four filters mentioned previously and
some of their key parameters. Note the wide variation in
the stopband attenuation specification. This specification
is a measure of the filters steepness of attenuation. This is
a key specification for anti-aliasing filters found at an AID
converter's input. Note that for the LTC1064-1in the figure
(corner frequency set to 10kHz)the attenuation to a 15kHz
signal would be about 72dB. The Butterworth gives ap-
proximately 27dB, while the Bessel only about 7dB at·
tenuation. These latter two filters trade frequency domain
rolloff for good time domain response.
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Figure 35. Frequency Domain Response of LTC1064·1 and
LTC1064·4 Transition Region Blow·Up. fCUTOFF = 10kHz,
Vs = ± 7.5V, LT1007 Output Buffer.

Call Linear Technology Applications at (408)432-1900for
additional help in choosing andlor defining a particularly
difficult filtering problem.

WIDEBAND
STOPBAND NOISE THD(1kHz) SUPPLY

PART NUMBER TYPE PASSBAND RIPPLE ATTENUATION 1Hz-1MHz SNR (NOTE 1) VOLTAGE
LTC1064·1 Elliptic ±O.15dB 72dB@1.5fc 150~VRMS 1VRMSInput = 76dB -76dB Vs= ±5V

165~VRMS 3VRMSInput = 85dB -70dB Vs= ±7.5V
LTC1064·2 Butterworth 3dB 9OdB@4fc 80~VRMS 1VRMSInput = 82dB -76dB Vs= ±5V

90~VRMS 3VRMSInput = 90dB -70dB Vs= ± 7.5V
LTC1064·3 Bessel 3dB 60dB@5fc 55~VRMS 1VRMSInput = 85dB -76dB Vs= ±5V

60~VRMS 3VRMSInput = 94dB -70dB Vs= ±7.5V
LTC1064·4 Elliptic ±O.1dB 80dB@2fc 120~VRMS 1VRMSInput = 78dB -76dB Vs= ±5V

130~VRMS 3VRMSInput = 87dB -70dB Vs= ± 7.5V

Note 1: These specifications from LTC data sheets represent typical values.
Optimization may result in significantly better specifications. Call LTC for
more details.
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FILTER SENSITIVITY
How Stable Is My Filter?
One of the great advantages of the switched capacitor fil·
ter is the lack of discrete capacitors with their inherent
tolerance and stability limitations. The active RC filter de·
signed with theoretical capacitor values has problems
with repeatability and stability when real world capacitors
are used. The switched capacitor filter has small errors in
both the cutoff frequency, fa, and Q, but they are easier to
deal with than those of the active RCfilter.

Most universal switched capacitor filters are arranged in
the so·called State·Variable·Biquad circuit configura·
tion.11 This configuration not only allows realization of all
filter functions, LP, BP, HP, AP and notch, but also allows
high Q filters to be realized with low sensitivity to compo·
nent tolerances. (For a strict mathematical analysis of the
sensitivity of the State·Variable·Biquad see reference 11,
chapter 10.)

Manufacturing realities of the semiconductor business
also affect the switched capacitor filter design. Though
this inaccuracy is much less than the active RCdesign (do
the math in Daryanani), it does exist. Thus, switched
capacitor filters are available from manufacturers such as
LTCwith center frequency tolerances of generally 0.4% to
0.7%. This presumes an accurate stable clock. Operating
the universal switched capacitor filter in mode 3 tends to
make the center freq uency error depend on the resistors
since the equation for fa is

fa= fCLKv'R2TR4.
50or 100

Thus the manufacturing inaccuracy of the switched
capacitor filter is multiplied (and generally swamped) by
the resistor inaccuracy. Mode 2 guarantees a filter de·
signed with switched capacitor filters has lower fa sensi·
tivity than Mode 3 by changing the equation for fa to

fa = 50f~~~00 ,)1 + R2/R4.

Here resistor sensitivity is mitigated by the one under the
radical, and thus the inaccuracy is, in most cases, only
caused by the manufacturing tolerances of the switched
capacitor filter. (See discussion of switched capacitor fil·
ter modes in the LTC1060and/or LTC1064data sheets).

An excellent method of minimizing the filter dependence
on resistor tolerances, is to integrate the resistors directly
on the semiconductor device. This can be done with the
LTC1064family of devices using silicon chrome resistors
placed directly on the die.

Actual resistor values are generally better than 0.5%, but
the important feature is that all thin film resistors track
each other in both resistance and temperature coefficient.
Thus, filters such as the LTC1064·1 through LTC1064·4
have virtually indistinguishable characteristics for each
and every part.

The small tolerances in fa using the switched capacitor fil·
ter are trivial when compared to an active RC filter. An
Elliptic filter like the LTC1064·1requires no small amount
of trimming when built with resistors, capacitors and op
amps. Changing the fa is even more impractical.

THD and Dynamic Range

Presently, one of the biggest uses of filters is before AID
converters for anti·aliasing. The filter bandlimits the sig-
nal at the input to a Digital Signal Processing system. A
critical concern is the filter's signal to noise ratio (SNR).
Thus, if a filter has a maximum output swing of 2VRMSwith
noise of 100/lVRMSit can be said to have an SNR (signal to
noise ratio) of 86dB. This certainly seems to make it a
candidate for anti-aliasing applications before a 14·bit AID
(required SNR approximately 84dB). But, is this the only
consideration?? What is missing in this analysis is a dis·
cussion of total harmonic distortion. This is a frequently
ignored subtlety of system design.

This filter example has an SNR of 86dB. But suppose its
THD is only - 47dB. What this means can be better under·
stood by applying a 1kHz signal to the system. What is de·
sired is to digitize this 1kHz to 14·bits of accuracy. What
happens is quite different. The 1kHz signal, along with its
harmonics, will be digitized. THD (total harmonic distor·

Note 11: Daryanani, Gobind, "Principles 01 !>.cli.e Network SynthesIs ana
Design." New York, NY: John Wiley and Sons, Inc., Copyright 1976.
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tion) is a measure of the unwanted harmonics that are in·
troduced by non·linearities in the system. Thus, the 1kHz
pure tone will come out looking like 1kHzt2kHz+3kHz,
etc. The AID converter will digitize these signals adding er·
rors to the data acquisition process.

Figure 36 illustrates a good way to characterize this poten·
tial problem. This figure shows a THD plot of an LTC1064·2
8 pole Butterworth LPF (circuit as shown in Figure 37).The
graph shows THD versus input amplitude. A second hori·
zontal scale labels SNR. The graph clearly shows, for in·
stance, that for a 1.5VRMSinput the THD is below - 70dB
and the SNR is below - 85dB. Thus, all the harmonics of
the input signal (in this case 4kHz) are below - 70dB. Fig·
ure 38 shows a THD+ N versus frequency curve for the
same filter. At an input frequency of 2kHz the THD + N is
approximately 0.018% or - 74.9dB. Figure 39 shows good

SNR(dBI
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Figure 36. LTC1064·2 THO + Noise vs Input Amplitude and Signal
to Noise Ratio. Filter fCUTOFF = 8kHz, fiN = 4kHz, fCLK = 800kHz,
Vs = ± 5V.lnverting Buffer Ln006.
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correlation with a spectrum analyzer in the frequency
domain. Of course, there are an unlimited number of these
plots that can be taken, for an almost unlimited number of
cutoff frequencies and input frequencies. What must be
considered as the most important issue, is that THO
generally limits digitization accuracy, not SNR. Figure 40
shows four units of the LTC1064·2with a 1kHz input fre·
quency. Here, as before, the - 70dB THD specification is
preserved up to 2.5VRMSinput.

Total harmonic distortion is a complicated phenomenon
and it is difficult to analyze all its potential causes. Some
of these causes in the switched capacitor filter are
thought to be the charge transfer inherent in the SC proc·
ess, the output drive and the swing internal to the
switched capacitor filter state variable filter.

---r-.~
z
+ 0.010

<>
i=

Figure 38. LTC1064·2 THO + Noise vs Input Frequency. Filter
fCUTOFF = 8kHz, fCLK = 800kHz, Vs = ± 5V, VIN = 1.5VRMS,
Buffered Output Using LT1006.
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THO in RC active filters is generally assumed to be suo
perior to switched capacitor filters. Traditional filter text·
books seem to lack data on THO, either in a theoretical or
a practical sense. The data presented here shows the RC
active to be somewhat better than the switched capacitor
filter, but at a tremendous cost in terms of board space,
non·tunability and cost.

Figure 41 shows a THO versus amplitude plot of the RCac·
tive equivalent of the LTC1064·1 8th order Elliptic filter.
This filter requires 16 operational amplifiers, 31 resistors
and eight capacitors on a board approximately 2·1/2 x 6
inches in size. An equivalent THO plot for the LTC1064·1is
shown in Figure 42.

The Elliptic filters are the worst choice for good THO spec-
ifications because of their high Q sections. Butterworth and
Bessel filters havevery good THOspecifications.

Linear Technology has done extensive research in compar-
ing the THO and SNR aspects of our switched capacitor
filters to those of active RC filters. In many cases, a filter
may be optimized for THO by adjusting its design parame·
ters. This process is specialized and thus data sheet THO
specifications may not reflect the best achievable. Call us
for more details.

_J

Figure 39. LTC1064·2 Spectrum Analyzer Plot forVIN = 1.5VRMS,
fiN = 2kHz, Vs = ± 5V, Buffered Output Using LT1006
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Figure 40. LTC1064·2THD + Noise vs Input Amplitude and Signal
to Noise Ratio. Filter fCUTOFF = 8kHz, fClK =800kHz, fiN = 1kHz,
Vs = ± 5V, Inverting Buffer Using LT1006. Four Devices
Superimposed.
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Figure 41. Active RC Implementation of LTC1064·18th Order
Elliptic Filter. VIN = 3VRMS, Vs = ± 7.5V, Op Amps = TL084,
fc = 40kHz.
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Figure 42. LTC1064·18th Order Elliptic Filter. VIN = 3VRMS,
Vs = ± 7.5V, fe = 40kHz, Buffered Output.
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Figure 43. Noise Comparison ~ween Figure 41 Active RC
Elliptic ® and LTC1064·1 ®' Figure 42
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Figure 44. 8th Order Bessel Using LTC1064. Vs = ± 8V,
VIN = 1VRMS, fClK = 50kHz, fCUTOFF = 1kHz, Buffered Output.

Noise in Switched Capacitor Filters

Noise in switched capacitor filters has been on the decline
since the invention of the device. At this time many de-
vices, like the LTC1064family, have noise which competes
with active RC filters. What is not immediately obvious is
that the noise of the switched capacitor filter is constant
independent of bandwidth. The LTC1064·2Butterworth fil·
ter has approximately 80llVRMSnoise from 1Hz to 50kHz (fo
equal to 50kHz), it also has 80llVRMSnoise from 1Hz to
10kHz (fo equal to 10kHz).Since the traditional RC active
filter has noise specifications based on so many nV per
Hz1l2, the switched capacitor filter is a better competitor to
the active RC as the filter cutoff frequency increases. Fu·
ture LTCdevices will haveeven better noise specifications
than the LTC1064-2.

Figure 43 compares noise between an RC active equiva-
lent of the LTC1064·1and the switched capacitor filter.
Both curves show typical peaking at the corner frequency.
The illuminating feature seen in this figure is that the
TL084 active filter noise is only slightly better than the
LTC1064-1.

Bandpass Filters and Noise - An Illustration

Figure 44 is the frequency response of an 8th order Bessel
bandpass filter implemented with an LTC1064as shown in
Figure 45. This filter has a Q of approximately nine and a
very linear phase response (in the passband) as shown in
Figure 47.As previously discussed, the Bessel response is
very useful when signal phase is important.

Of particular interest to the present discussion is the
noise of this bandpass filter (Figure 46). Note that the
noise bandshape is identical to Figure 44. This is not un·
usual since the bandpass filter is letting only the noise at
a particular fc through the filter. This is not clock feedthru
and it is not peculiar to the switched capacitor filter. In an
active RC, or even an LC passive bandpass filter with
these characteristics, noise appears "like a signal" at the
center frequency of the BPF.

Note 12: Ghausi, M. S., and K. R. laker, "Modern Filter Design, Active RC
and Switched Capacilor." Englewood Cliffs, New Jersey: Prentice·Hall,
Inc., 1981.
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Figure 45. Implementation, Section by Section, of Bessel BPF as
per Figure 43 Using LTC1064. For fCUTOFF= 1kHz, fClK = 50kHz.
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Figure 46. Noise Spectrum of Bessel BPF as Shown in Figure 43.
Input Grounded. Total Wideband Noise = 130/lVRMS.
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Figure 47. Passband Phase Response of Bessel BPF as Shown in
Figure 43. Note the Linear Phase Through the Passband.

CLOCK CIRCUITRY
Jitter

Clocking of switched capacitor filters cannot be taken for
granted. A good, stable clock is required to obtain device
performance commensurate with the data sheet specifica-
tions. This implies that 555 type oscillators are verboten.
Often, what appears as insufficient stopband attenuation
or excessive passband ripple is, in fact, caused by poor
clocking of the switched capacitor filter device.

Figure 48 shows an LTC1064-1set up to provide cutoff fre-
quency of 500Hz. The clock was modulated (in the top
curve measurement) to simulate approximately 50% clock



jitter. The stopband attenuation at 750Hz is seen to be ap-
proximately 42dB instead of the specified (in the
LTC1064·1data sheet at 1.5 x the cutoff frequency) 68dB.
The second curve on the graph shows the situation when a
good stable clock is used.

Similar graphs of the noise in Figures 49 and 50 show the
effect of clock jitter on the noise. The wideband noise
from 10Hz to 1kHz rises when a jittery clock is used from
156/LVRMSto 173/LVRMS.This is an increase of approxi-
mately 11% due only to a poor clocking strategy.

LTC's Application Note 12 provides some good clock
sources if none are available in the system.

Clock Synchronization with AID Sample Clock

Synchronizing the AID and switched capacitor filter clocks
is highly recommended. This allows the AID to receive fil-
tered data at a constant time and to ensure that the sys·
tem has settled to its desired accuracy.

Clock Feedthru

While clock feedthru has been greatly improved in the re-
cent generation of switched capacitor fi Iters, some users
still want to further limit this anomaly.

The higher the clock to fCUTOFFratio, the easier it is to fil-
ter out clock feedthru.

Figure 20 in the aliasing study shows the clock feedthru at
50kHz to be - 61dB. This is below OdB,which in this case
is 500mV. Clock feedthru here is approximately 400/LV.In-
serting a simple RC filter (well outside the passband of the
filter) at the output of the filter can reduce this by a factor
of ten.

Figure 51 shows a similar set of curves with a simple RC
on the output of the buffer amplifier (see Figure 4).The RC
values were 9.64k and 3300pF. Figure 51 shows that clock
feedthru has been reduced to - 82dB below 500mV (40/LV)
when this post filter is used.

Post filtering is often unnecessary, as often-times the
clock feedthru is out of the band of interest.

Application Note 40

Figure 48. Clock Jitter of Approximately 50% (Top Curve in
Stopband) and Jitter Free Clock (Bottom Curve in Stopband)
Showing the Difference in Response. LTC1064-1, fClK =50kHz,
fo = 500Hz, Buffered Output.
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Figure 49. Noise of LTC1064·1as per Figure 48 with ",50% Clock
Jitter. Vs = ± 7.5V, Input Grounded.
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Figure 50. Noise of LTC1064·1as per Figure 48 with Low Jitter
« 1ns). Vs = ± 7.5V, Input Grounded.
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Figure 51. Elliptic Switched Capacitor Filter (LTC1064·1) Clock
Feedthru Suppression. 10=500Hz, IClK = 50kHz, Vs = ± 8V,
VIN = 100Hz@500mVRMS, RC Filter (9.64k, 3300pF)
@BufferOutput, IRC FilTER = 1I21l"RC = 5kHz.

Switched capacitor filters are an evolving technology
which continues to improve. As this evolution progresses,
the switched capacitor filter will replace greater numbers
of active RC filters because of the switched capacitor fil-
ters inherent smaller size, better accuracy and tunability.

To best take advantage of this evolving technology the
system designer must observe good engineering practices
as described in this Application Note. More specifically, to
properly evaluate and use the current crop of switched
capacitor filters as well as parts on the drawing boards
one must observe certain precautions:

1) Utilize good breadboarding techniques.
2) Use a linear power supply. If this is impossible use a

clean switcher. Properly bypass the supply.
3) Be aware that sampled data systems can alias and be

prepared to deal with this limitation. Bandlimit!
4) Be aware that the ultimate response in the frequency

domain is not the ultimate response in the time domain
and vice versa. Look at both responses on the bench
before committing a filter to the PCBor silicon.

5) Understand THD and signal to noise ratio and where
one limits the other.

6) Provide a good clean clock to the switched capacitor
filter to avoid problems caused by too much clock jitter.



APPENDIX A
Square Wave to Sine Wave Conversion Graphically
Illustrates the Frequency Domain, Time Domain and
Aliasing Aspects of Switched Capacitor Filters
Figures 52 through 63 illustrate yet another use of the
versatile switched capacitor filter. In the past it has been
difficult to obtain a good clean sine wave locked to a
square wave input, if the square wave varies in frequency.
In this example a square wave is filtered by an Elliptic fil-
ter (the LTC1064·1) to produce an excellent sine wave
which is phase locked to the input. A Butterworth filter
(the LTC1064·2)will also work for this application, but the
sine wave will not be quite as pure.

The series of figures illustrates a varied input square wave
(from 1kHz to 7500Hz)to an LTC1064·1Elliptic filter. Recall
that a square wave consists of odd harmonics of the
fundamental; that is, a 1kHz square wave should contain
(in the mathematical world) 1kHz, 3kHz, 5kHz, 7kHz, 9kHz,
11kHz ... spectral lines, that is sine waves, all added to-
gether to produce the 1kHz square wave.

Figure 53 and 54 show the Elliptic filter passing the 1kHz
square wave with poor fidelity. As the input frequency in·
creases, the fidelity decreases as fewer and fewer of the
square waves' spectral lines are passed through the filter.

Figures 56 and 57 show the spectrum analyzer and oscillo·
scope response from the filter's output for an input square
wave of 2.5kHz.

Figure 59 and 60 show the frequency and time domain re-
sponses from the filter's output for an input square wave
of 5kHz. The 10kHz cutoff frequency of the filter passes
only the first harmonic (5kHz) and the 10kHz second har·
monic (which is a signal generator problem and should not
be there at all). The output appears to be a nice clean sine
wave as seen in Figure 60.

Figure 61 shows the input spectrum of a 705kHzsquare
wave. Figure 62 is the output from the filter in the fre-
quency domain. In addition to the 7.5kHz spectral line pro·
ducing the sine wave shown in Figure 63, there are other
lines. These lines at 2.5,5,10 and 12.5kHzare the result of
the 132nd, 133rd, 134th and 135th (!!!!!!) harmonics of the
7.5kHz fundamental frequency of the input square wave
aliasing back into the passband of the filter. The perfect

~~ual'C' VVQ"", ""IIV •••••••••••••~ __ .• __..

133rd and 135th harmonic would remain. Again,
WARNING: Bandlimit your input signal or risk aliasing! !13
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Figure 52. Frequency Domain (Spectrum Analyzer) Plot of 1kHz
Square Wave (5Vp·p) Input to LTC1064·1 as Configured in Figure 4.
fCUTOFF= 10kHz. Shaded Area is the Frequency Response of the
Filter.
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Figure 53. Filter Output (Shown in Frequency Domain) for 1kHz
Input. Note Raised Noise Floor Due to LTC1064·1 Approx. 75dB
Noise Level.

Note 13:Thanks to Lew Cronis for the inspiration to do this appendix.
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Figure 55. Frequency Domain (Spectrum Analyzer) Plot of 2500Hz
Square Wave (5Vp·p) Input to LTC1064·1 as Configured in Figure 4.
fCUTOFF = 10kHz. Shaded Area is the Frequency Response of the
Filter.
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Figure 56. Filter Output (Shown in Frequency Domain) for 2500Hz
Input. Note Raised Noise Floor Due to LTC1064·1 Approx. 75dB
Noise Level.

Figure 57. Filter Time Domain Output for Input 2500Hz Square
Wave
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Figure 58. Frequency Domain (Spectrum Analyzer) Plot of 5kHz
Square Wave (5Vp·p) Input to LTC1064·1 as Configured in Figure 4.
fCUTOFF = 10kHz. Shaded Area is the Frequency Response of the
Filter.
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Figure 59. Filter Output (Shown in Frequency Domain) for 5kHz
Input. Note Raised Noise Floor Due to LTC1064·1 Approx. 75dB
Noise Level.
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Figure 61. Frequency Domain (Spectrum Analyzer) Plot of 7500Hz
Square Wave (5Vp·p) Inputlo LTC1064·1 as Configured in Figure 4.
fCUTOFF = 10kHz. Shaded Area is the Frequency Response of the
Filter.
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Figure 62. Filter Output (Shown in Frequency Domain) for 7500Hz
Input. Note Raised Noise Floor Due to LTC1064·1 Approx. 75dB
Noise Level.

Figure 63. Filler Time Domain Output for Input7.5kHz Square
Wave
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About Bypass Capacitors

Bypass capacitors are used to maintain low power supply
impedance at the point of load. Parasitic resistance and
inductance in supply lines mean that the power supply
impedance can be quite high. As frequency goes up, the
inductive parasitic becomes particularly troublesome.
Even if these parasitic terms did not exist, or if local
regulation is used, bypassing is still necessary because
no power supply or regulator has zero output impedance
at 100M Hz. What type of bypass capacitor to use is
determined by the application, frequency domain of the
circuit, cost, board space and many other considerations.
Some useful generalizations can be made.

All capacitors contain parasitic terms, some of which ap-
pear in Figure B1. In bypass applications, leakage and di-
electric absorption are second order terms but series R
and L are not. These latter terms limit the capacitor's abil-
ity to damp transients and maintain low supply
impedance. Bypass capacitors must often be large values
so they can absorb long transients, necessitating elec-
trolytic types which have large series Rand L.

DIELECTRIC
ABSORPTION
TERMS

Different types of electrolytics and electrolytic-non-polar
combinations have markedly different characteristics.
Which type(s) to use is a matter of passionate debate in
some circles and the test circuit (Figure B2) and accom·
panying photos are useful. The photos show the response
of five bypassing methods to the transient generated by
the test circuit. Figure B3 shows an unbypassed line
which sags and ripples badly at large amplitudes. Fig·
ure B4 uses an aluminum 10JLFelectrolytic to considerably
cut the disturbance, but there is still plenty of potential
trouble. A tantalum 10JLFunit offers cleaner response in
B5 and the 10JLFaluminum combined with a O.01JLFceram-
ic type is even better in B6. Combining electrolytics with
non-polarized capacitors is a popular way to get good reo
sponse but beware of picking the wrong duo. The right
(wrong) combination of supply line parasitics and paral-
leled dissimilar capacitors can produce a resonant, ring-
ing response, as in B7. Caveat!

ov:..Fl:
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Figure B6. Response of 10llF Aluminum Paralleled by O.Q1IlF
Ceramic

Figure B7. Some Paralleled Combinations Can Ring. Try Before
Specifying!
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New Data Acquisition Systems Communicate with
Microprocessors Over 4 Wires
As board space and semiconductor package pins become
more valuable, serial data transfer methods between micro·
processors (MPUs) and their peripherals become more and
more attractive. Not only does this save lines in the transmis·
sion medium, but, because of the savings in package pins,
more function can be packed into both the MPU and the pe·
ripheral. Users are increasingly able to take advantage of
these savings as more MPU manufacturers develop serial
ports for their productsl1-3J. However, peripherals which are
able to communicate with these MPUs must be available in
order for users to take full advantage. Also, MPU serial for·
mats are not standardized so not all peripherals can talk to
all MPUs.

The LTC1090Family

A new family of 10·bit data acquisition circuits has been
developed to communicate over just 4 wires to the recently
developed MPU synchronous serial formats as well as to
MPUs which do not have serial ports. These circuits feature
software configurable analog circuitry including analog
multiplexers, sample and holds, bipolar and unipolar conver·
sion modes. They also have serial ports which can be soft·
ware configured to communicate with virtually any MPU.
Even the lowest grade device features guaranteed ± 0.5LSB
linearity over the full operating temperature range. Reduced
span operation (down to 200mV), accuracy over a wide tem·
perature range and low power single supply operation make
it possible to locate these circuits near remote sensors and
transmit digital data back through noisy media to the MPU.
Figure 1 shows a typical hookup of the LTC1090 , the first
member of this data acquisition family. For more detail, refer
to the 24·page LTC1090data sheet.

Included are eight analog inputs which can common·mode to
both supply rails. Each can be configured for unipolar or
bipolar conversions and for single·ended or differential in·
puts by sending a data input (DIN)word from the MPUto the
LTC1090(Figure 1).

Both the power supplies are bypassed to analog ground. The
V - supply allows the device to operate with inputs which
swing below ground. In single supply applications it can be
tied to ground.

The span of the AID converter is set by the reference inputs
which, in this case, are driven by a 2.5V LT1009which gives
an LSB step size of 2.5mV. However, any reference voltage
within the power supply range can be used.

The 4 wire serial interface consists of an active low chip se·
lect pin (CS), a shift clock (SCLK) for synchronizing the data
bits, a data input (DIN) and a data output (Dour). Data is
transmitted and received simultaneously (full duplex), mini·
mizing the transfer time required.

The external ACLK input controls the conversion rate and
can be tied to SCLK as in Figure 1.Alternatively, it can be de·
rived from the MPU system clock (e.g., the 8051 ALE pin) or
run asynchronously. When the ACLK pin is driven at 2MHz,
the conversion time is 22Jls.
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Advantages of Serial Communications

The LTC1090can be located near the sensors and serial data
can be transmitted back from remote locations through isola·
tion barriers or through noisy media.

Several LTC1090s can share the serial interface and many
channels of analog data can be digitized and sent over just a
few digital lines (see Figure 2). This could, for example, be
used to simplify the communications between an instrument
and its front panel.
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Using fewer pins for communication makes it possible to
pack more function into a smaller package. LTC1090 family
members are complete systems being offered in packages
ranging from 20 pins to 8 pins (e.g., LTC1091).

Speed is Usually Limited by the MPU

A perceived disadvantage of the serial approach is speed.
However, the LTC1090 can transfer a 10-bit AID result in 10~s
when clocked at its maximum rate of 1MHz. With the mini·
mum conversion time of 22~s, throughput rates of 30kHz are
possible. In practice, the serial transfer rate is usually lim-
ited by the MPU, not the LTC1090. Even so, throughput rates
of 20kHz are not uncommon when serial port MPUs are used.
For MPUs without serial ports, the transfer time is somewhat
longer because the serial signals are generated with soft·
ware. For example, with the Intel 8051 running at 12MHz, a
complete transfer takes 80~s. This makes possible through-
put rates of approximately 10kHz.

Talking to Serial Port MPUs

By accommodating a wide variety of transfer protocols, the
LTC1090 is able to talk directly to almost all synchronous
serial formats. The last 3 bits of the LTC1090 data input (DIN)
word define the serial format. The MSBF bit determines the
sequence in which the AID conversion result is sent to the
processor (MSB or LSB first). The two bits WL 1 and WLO de-
fine the word length of the LTC1090 data output word.
Figure 3 shows several popular serial formats and the appro-
priate DIN word for each. Typically a complete data transfer
cycle takes only about 15 lines of processor code.

Talking 10 MPUs without Serial Ports

The LTC1090 talks to serial port processors but works
equally well with MPUs which do not have serial ports. In
these cases, CS, SCLK and DIN are generated with software
on 3 port lines. DOUTis read on a fourth. Figure 3 shows the
appropriate DIN word for communicating with MPU parallel
ports. Figure 1 shows a 4 wire interface to the popular Intel
8051. A complete transfer takes only 33 lines of code.

Sharing the Serial Interface

No matter what processor is used, the serial port can be shared
by several LTC1090s or other peripherals (see Figure 2).A sepa·

rate CS line for each peripheral determines which is being
addressed.

Conclusions

The LTC1090 family provides data acquisition systems which
communicate via a simple 4 wire serial interface to virtually
any microprocessor. By eliminating the parallel data bus they
are able to provide more function in smaller packages, right
down to 8 pin DIPs. Because of the serial approach, remote
location of the AID circuitry is possible and digital transmis-
sion through noisy media or isolation boundaries is made
easier without a great loss in speed.

Hardware and software is available from the factory to inter-
face the LTC1090 to most popular MPUs. The LTC1090 data
sheet contains source code for several microprocessors. Fur·
ther applications assistance is available by calling the
factory.
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William Rempfer

Introduction

For many signal processing applications a sample and hold
function is required in a data acquisition system. It is often
critical for the processing system to know the exact value of
an analog input at an exact time. In DSPapplications such as
digital filters the usable bandwidth of the system is limited
by the Nyquist frequency and the sample and hold bandwidth
need only be, and is often intentionally limited to, one half
the sampling rate. However, another area of application
requires infrequently capturing instantaneous values of
relatively fast signals, sometimes referred to as gated
measurements. In the extreme case of pulse height measure·
ments, only one sample point is required. Here, the sample
and hold bandwidth should be as high as possible even
though the sampling rate is very low.

The LTC1090 excels in both environments. This note shows
how the LTC1090sample and hold can be synchronized to an
external event and gives two simple applications: an 8 chan·
nel data acquisition system with digital filtering, and the
gated measurement of a 1MHz sine wave.
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The LTC1090Sample and Hold

The LTC1090provides a sample and hold which is fast, accu·
rate and can be synchronized to an external event. Although
the sampling rate is limited (by the AID conversion and data
transfer rate) to about 30kHz, the signal bandwidth of the
sample and hold exceeds lMHz. The acquisition time is less
than l~s to 0.1% (1LSB). Accuracy is so good, in fact, that it
is possible to include all the sample and hold's error con·
tributions (offset, gain, hold step, droop rate, etc.) into the
converter specification and still maintain overall system ac·
curacy of ± 0.05% (± 0.5LSB)over temperature.

Sampling occurs on the falling edge of the last data transfer
clock pulse as described in the LTC1090data sheet. Figure 1
shows a typical application which includes circuitry to syn·
chronize sampling to an external sample clock, fs.

a-Channel Data Acquisition System with Digital Filler

The circuit of Figure 1 contains an LTC1090 providing multi·
plexing, sample and hold, AID conversion and data transfer
to the microcontroller (MCU).An MC68HC05C4is used as the
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controller (much higher filter performance may be achieved
with a dedicated DSP processor). The MCU communicates
with the LTC1090 over the serial peripheral interface (SPll,
performs the digital filtering algorithm and provides the fil·
tered data on its output port. The DAC provides reconstruc·
tion of the filtered waveform for viewing on an oscilloscope
or spectrum analyzer. The 74C74 and 74COOsynchronize the
sampling of the LTC1090 to the externally applied sample
clock, fs.
In Figure 1, the MCU initiates a two byte serial data exchange
with the LTC1090. This configures the LTC1090 for the next
conversion, simultaneously reads back the previous conver·
sion result and resets the 74C74. The LTC1090 will sample
the analog input when the last shift clock (SCLI<) pulse falls,
so the MCU must end the data transfer by leaving the SCLK
in a high state. This inhibits sampling of the selected analog
input. When the sample clock, fs, rises, it clocks the 74C74
which raises the CS and drops the SCLK. This falling SCLK
causes the sample to be taken and starts the conversion. Af·
ter the MCU senses the rising sample clock it waits for the
conversion to be completed (44 ACLK cycles) and then ini·
tiates another data exchange, preparing the LTC1090 for the
next sample. This cycle repeats.

4th Order Elliptic Filter

Using the circuit of Figure 1, a 4th order elliptic digital filter
was implemented. 10 bit input and output data words and 14
bit coefficients were used with the same coefficients being
used for each channel. A direct form II IIR filter was imple·
mented according the following equations:

D(n)= [7203 x D(n -1) -19209 x D(n - 2) + 6324 x D(n - 3)
- 4383 x D(n - 4)] x 2-14 + X(n)

Y(n) = [3069 x D(n)+ 5505 x D(n -1) + 7824 x D(n - 2)
+ 5504 x D(n - 3)+ 3066 x D(n - 4)1x 2-14

where: X(n) = filter input value
Y(n) = filter output value
D(n)= delay node value

The filter frequency response is shown in Figure 2. The cutoff
frequency is 175Hz, one fourth the sample frequency of
700Hz. The cutoff frequency of the filter can be tuned by vary-
ing the frequency of the sample clock.

Figure 2. Spectrum of 4th Order Elliptic Digital Filter used in the Data
Acquisition System, fc = 175Hz

Because of 68HC05 speed and instruction set limitations,
sample rate is limited by the MCU's ability to perform the
DSP algorithm. Maximum sample rate was determined to be
700Hz for a single channel filter and 90Hz for eight channels.
Using a high performance DSP would allow sample rates ap·
proaching the limit of 30kHz for one channel and 3.7kHz for
all eight set by the LTC1090. Hopefully, this simple example
will encourage the reader to pursue higher order, higher per·
formance applications.
If large amplitude, unwanted AC signals are present on the
inputs, a linear filter such as the LTC1062 can be used to reo
move them and prevent reduction in the dynamic range of the
system.

Gated Measurements of Fast Signals

As an example of gated measurements, the circuit of Figure 1
was used with no filtering to repetitively sample a 5Vp·p
1MHz sine wave. The waveform was sampled at 15kHz (ap·
proximately one sample every 67 cycles of the 1MHz wave·
form). A 20ns pulse, triggered off the sample clock, was
applied to the z·axis input of a storage scope to illuminate
one dot on the CRT per sample. Samples were allowed to ac-
cumulate on the storage scope as shown in Figure 3. The up·
per waveform is the sampled input to the LTC1090 and the
lower waveform is the sampled output of the DAC. (Remem·
ber that the waveforms are not real time: one dot was i1.
luminated only every 67 cycles of the 1MHz sine wave.) With
this technique the signal bandwidth of the LTC1090 sample
and hold was determined to be 2M Hz.

Figure 3. Input and Output Sample Points of a 1MHz Sine Wave
Accumulated on a Storage Scope

Using the LTC1090 sample and hold, high speed circuits
such as a 1MHz bandwidth AC to DC converter are possible.
Because the acquisition time is less than 1~s it is also pos·
sible to make a gated measurement of the height of a pulse
as narrow as 1~s to 0.1% accuracy.

For LTC1090 literature call 800·637·5545. For help with
an application call (408)432-1900, Ext. 361.

Linear Technology Corporation
1630 McCarthy Boulevard ' ••••••...unFI\D
Milpitas, CA 95035·7487 ~, TEC>-l~
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Operational Amplifier Selection Guide for Optimum Noise
Performance
George Erdi

The LT1028 is the lowest noise op amp available today. Its
voltage noise is less than that of a 500 resistor. In other
words, if the LT1028 is operated with source resistors in ex·
cess of 500, resistor noise will dominate. If the application
requires large source resistors, the LT1028's relatively high
current noise will limit performance, and other op amps will
provide lower overall noise.

In general, the total noise of any op amp (referred to the
input) is given by:

total noise =
"'(voltage noise)2+ (resistor noise)2+ (current noise x Req)2

where,
resistor noise = 0.13~ in nV/.JHz

and Req = equivalent source resistance
= R2+ R1/1R3

Several conclusions can be reached by inspection of the
equation:

(a) To minimize noise, resistor values should be minimized to
make the contribution of the second and third terms of
the equation negligible. Don't forget, however, that feed·
back resistor R3 is a load on the output.

(b) Total noise is dominated by:
(i) voltage noise at low Req,
(ii) resistor noise at mid Req,
(iii) current noise at high Req, because resistor noise is
proportional to ~ while the current noise con·
tribution to total noise is proportional to Req.

The table below lists which op amp gives minimum total
noise for a specified equivalent source resistance. A two step
prcoedure should be followed to optimize noise:

(1) Reduce equivalent source resistance to a minimum al·
lowed by the specific application.

(2) Enterthe table to find the optimum op amp.

The table actually has two sets of devices: one for low fre·
quency (instrumentation), one for wideband applications.
The slight differences between the two columns occur be·
cause voltage and current noise increase at low frequencies
(below the so·called 1/f corner) while resistor noise is flat
with frequency.

SOURCER BESTOPAMP
(Reql @ LOW FREQ. (10Hz) @WIDEBAND(1kHz)

Ollto 400ll LT1028 LT1028
400iltolk LT1007f37 LT1028
1kt04k LTlOO7/37 LTl028, LTlOO7/37
4k to 15k LT1001 LT1007/37
15k t030k LTlOO1 LTlOO1, LT1007f37
30k to 70k LT1001, LTlO12 LTlOO1
70k to 150k LTlO12 LTlOO1, LT1012

LT1055/56122, LTl057/58
150k to600k LT1012, LT1006/13/14 LT1012, LTlOO6f13f14

LT1055f56f22, LTl057/58
600k t02M LTlO12 LTl012, LTl006l13114

LT1055/58/22, LTl057/58 LT1055/56122, LTl057f58
2M to 10M LT1055f58f22, LT1057f58 LT1012

LTl055/56/22, LTl057/58
>10M LTl055/58/22, LTl057/58 LTl055/56122, LTl057/58



The actual achievable total noise is plotted at 10Hzand 1kHz. lection of op amps total noise is dominated by equivalent
The striking feature of these plots is that with the proper se· source resistor noise over a five decade (1000to 10MO)range.
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New RS232 interface chips have been developed that offer
significant advantages over older devices such as the 1488
and 1489. The new RS232 interface ICs improve speed,
power, voltage supply requirements, and protection over
older devices. Further, the new chips are easier to use, requir-
ing fewer external components and may be turned off to a
"zero" power supply current condition for use in battery pow-
ered systems.

The new RS232drivers are implemented in a monolithic bipo·
lar technology. A unique output stage was designed that pro·
vides large output swings, minimizing power supply voltage
requirements, while retaining outstanding overload protec·
tion features. The outputs can be driven beyond the power
supply voltage without drawing excessive current or forcing
current back into the power supplies. Of course, current limit-
ing is included to protect against short circuit conditions.

Initial consideration of technologies for implementing RS232
interfacing might include CMOS as a possible technology for
this type of application. Power supply requirements are low,
output voltage swing is high, and higher voltage CMOS tech-
nologies are available to allow operation up to ± 15V. Con-
sideration of some of the problems associated with CMOS
decreases its attractiveness for RS232drivers.

Inherent in the CMOS structure, are diodes between the drain
and source of the CMOS devices and the power supplies as is
shown in Figure 1. A requirement of RS232 interfaces is the
ability to withstand voltage applied to the output pins. With a
CMOS output stage this is achieved with the inclusion of a
3000 resistor in series with the output. (The resistor is similar
to the resistors included in older drivers.) It protects the inter-
face chip, but still allows damage to other devices powered
by the same supply.

A problem occurs when the output of a driver which is pow·
ered from the 5V logic supply is connected to an external12V
or 15V source as is allowed by the RS232 specification. Ex-

ternal current flows through the 3000 limiting resistor,
through the diodes, which are a part of the CMOS structure,
and into the power supply. This forces the power supply to
12V or 15V damaging the 5V logic that is connected to the
supplies. This problem can even cause latchup if the logic
supply is off when external RS232 signals feed voltage into
the supply. This problem did not usually exist in the past, be·
cause the RS232 interfaces were powered by separate ± 12V
supplies.

ESDdamage is probably the most frequent cause of failure of
interface chips. Bipolar devices are relatively rugged but still
can be damaged by ESD. System requirements for ESD may
be as high as 20kV. No IC can withstand that much voltage
without external protection.

A requirement of the RS232 specification is the ability to
withstand ± 25V input signals. The CMOS LTC1045 which is
used as an RS232receiver has been designed to operate with
external resistors in series with the input. These resistors
allow very large voltage swings at the input pins and provide
ESD protection to the IC. Using on·chip resistors precludes
the use of the optimum ESD protection structures, so CMOS
devices may be more sensitive to ESD destruction at their
inputs.

ORIVE-{
CIRCUITRY

3000 OUTPUT

PROTECTION PIN
RESISTOR

Figure 1. CMOS Line Driver Showing Parasitic Diodes to the Power
Supplies



The output stage of the bipolar drivers is shown in Figure 2. LT1080. The on·chip power supply generators generate ex-
Opposed collector NPN and PNP transistors give the widest cess power over the LT1080 requirements, so another RS232
possible output swings. The PNP transistor will swing to communication device such as the LT1039 can be powered
within 200mV of the positive supply while the NPN transistor from the same power supply generator. Table 1 gives typical
with its associated Schottky diode will swing within about performance of all Linear Technology driver/receiver devices
900mV of the negative supply. If the output voltage is forced for RS232communication.
above the positive supply the emitter base junction of the
PNP transistor reverse biases, and no current flows into the
supply. The device is unaffected by external voltage up to the
breakdown voltage of the transistor. If the output is forced
below the negative supply, the Schottky diode reverse biases
and prevents external current flow into the chip. Capacitor C1
is used to control the output slew rate so that no frequency
compensation components are required to meet the RS232
specification of 4V//ls to 30V//ls.

Typically the slew rate of these drivers .isabout 8-10V//ls. This
allows them to be used successfully up to about 64k baud.
The output slew rate of the bipolar drivers is well controlled
by an internal capacitor and relatively independent of load re-
sistance or capacitance. The bipolar receiver is rela·
tively straightforward utilizing a level detector with hystere·
sis to set the trip point. Nominally the trip point is set at
about 1.5V with 200mV of hysteresis. The receivers go into a
high output state with an open input. The receivers outputs
are both TIL and CMOS compatible.

A recent advance in the drivers and receivers is on-chip
power supply generation. Devices like the LT1080and LT1081
include an oscillator, capacitive voltage doubler, and capaci·
tive inverter to generate ± 9V from the 5V power supply. The
charge-pump power supply generator requires only four 1/lF
capacitors to generate RS232 communication levels from a
5V logic supply. Figure 3 shows a typical hook-up for the

17
5V INPUT

1"F

LT1080 + 9V OUT

7
~l"F

-9V OUT

l"F l"F¥
12 15
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13 14
RS232 INPUT

'00"[OUTPUTS
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RS232 INPUT

ON-OFF
18 16
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Figure 3. 5V Powered RS232 Driver/Receiver

Table 1. New Drivers and Receivers

SHUT· SUPPLY
DEVICE DRVS RECS DOWN GENERATOR REMARKS
LT1030 4 X Low Cost
LT1032 4 X RS423 Compatible
LT1039 3 3 X
LT1039N16 3 3 MC145406 Compatible
LTC1045 6 X Micropower
LT1080 2 2 X X
LT1081 2 2 X MAX232 Compatible

LT1130 5 5 X
LTl131 5 4 X X
LT1132 5 3 X
LTll33 3 5 X
LT1134 4 4 X
LTl135 5 3
LTl136 4 5 X X
LTl180 2 2 X O.l"F Caps
LTl181 2 2 O.l"F Caps
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Temperature Measurement Using the LTC 1090/91/92 Series of
Data Acquisition Systems
William Rempfer
Guy Hoover

Introduction

Accurate temperature measurement is a difficult and very
common problem. Whether recording a temperature, regulat·
ing a temperature or modifying a process to accommodate a
temperature, the LTC1090 family of data acquisition systems
can provide an important link in the chain between the blast
furnace temperature and the microcontroller. Features of the
LTC1090 family can make temperature measurement easier,
cheaper and more accurate.

High DC input resistance and reduced span operation allow
direct connection to many standard temperature sensors.
Multiplexer options allow one chip to measure up to 8 chan·
nels of temperature information. Single supply operation,
modest power requirements (-5mW) and serial interfaces
make remote location possible. Switching power on and off
lowers power consumption (560IlW)even more for battery ap·
plications. Finally, because few sensors have accuracies as
good as 0.1%, the 10·bit resolution and 0.05% accuracy of

the LTC1090 family are just right for most temperature sens·
ing applications.

Thermocouple Systems

The circuit of Figure 1 measures exhaust gas temperature in
a furnace. The 10·bit LTC1091A gives 0.5°C resolution over a
O°C to 500°C range. The LTC1050 amplifies and filters the
thermocouple signal, the Ln025A provides cold junction
compensation and the LT1019A provides an accurate refer·
ence. The J type thermocouple characteristic is linearized
digitally inside the MCU. Linear interpolation between known
temperature points spaced 30°C apart introduces less than
0.1°C error. The code for linearizing is available from LTC.
The 1024 steps provided by the LTC1091 (24 more than the reo
quired 1000) insure 0.5°C resolution even with the thermo·
couple curvature.



Offset error is dominated by the LT1025 cold junction com·
pensator which introduces 0.5°C maximum. Gain error is
0.75°C max because of the 0.1% gain resistors and to a less·
er extent the output voltage tolerance of the LT1019Aand the
gain error of the LTC1091A. It may be reduced by trimming
the LT1019Aor gain resistors. The LTC1091A keeps linearity
better than 0.25°C. The LTC1050's 5/"V offset contributes
negligible error (0.1°C or less). Combined errors are typically
0.5°C or less. These errors don't include the thermocouple it·
self. In practice, connection and wire errors of 0.5°C to 1°C
are not uncommon. With care, these errors can be kept below
0.5°C.

The 20kl10k divider on CH1 of the LTC1091provides low sup·
ply voltage detection (the LT1019Areference requires a mini·
mum supply of 6.5V to maintain accuracy). Remote location
is easy, with data transferred from the MCU to the LTC1091
via the 3 wire serial port.

Thermilinear Networks

Figure 2 shows an 8 channel O°C to 100°C temperature
measurement system with 0.1°C resolution. The high DC in·
put resistance and adjustable span of the LTC1090allow it to
measure the outputs of the YSI thermilinear components
directly. Accuracy is limited by the sensor repeatability and
precision resistors to 0.25°C.

Sensor input voltage (VIN),not critical because of ratiometric
operation, is set to around 1.5V to minimize self heating. The
zero scale (COM pin) and full·scale (REF+ pin) of the LTC1090
are set by the precision resistor string to directly digitize the
roughly 0.2V to 1V sensor output. The LT1006 buffers the
10kll reference resistance of the LTC1090. O°C and 100°C

correspond to unipolar output codes of 0 and 1000(decimal),
respectively with an overrange of 102.3°C.

Thermistors

A thermistor is a cheaper alternative to thermilinear com·
ponents in narrower temperature range applications. In
Figure 2, CH7 is being used to digitize the output of a 5kll
thermistor. The resistor shown linearizes the output voltage
around the 30°C point. The output remains linear to 0.1°C
over a 20°C to 40°C range but gets nonlinear rapidly outside
this range. By correcting for the non·linearity in software this
range can be extended to O°C to 60°C. Beyond that, the reo
peatability error of the thermistor increases above 0.2°C
making correction difficult.

Silicon Sensors

Because of its high DC input impedance and reduced span
capability, the LTC1090family can directly measure the out·
put of most industry standard silicon temperature sensors,
both voltage and current mode. Popular sensors of this type
include the LM134 and AD590 (current output) and silicon
diodes.

Figure 3 shows a simple connection between the LTC1092
and industry standard 1/"AJoK current output sensors.
Resolution is 0.25°C and accuracy is limited by the sensor
and resistors. Standard 10mVfOKvoltage output sensors can
also be connected directly to the LTC1092 input in a similar
manner.

For LTC1090/91/92literature call 800·637·5545.For help
with an application call (408)432·1900,Ext. 361.
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Operational Amplifier Selection Guide for Optimum Noise
Performance
George Erdi

The LT1028 is the lowest noise op amp available today. Its
voltage noise is less than that of a 500 resistor. In other
words, if the LT1028 is operated with source resistors in ex-
cess of 500, resistor noise will dominate. If the application
requires large source resistors, the LT1028's relatively high
current noise will limit performance, and other op amps will
provide lower overall noise.

In general, the total noise of any op amp (referred to the
input) is given by:

total noise =
~(voltage noise)2+ (resistor noise)2+ (current noise x Req)2

where,
resistor noise =0.13v'R;q in nV/v'Hz

and Req = equivalent source resistance
= R2+ R1/1R3

Several conclusions can be reached by inspection of the
equation:

(a) To minimize noise, resistor values should be minimized to
make the contribution of the second and third terms of
the equation negligible. Don't forget, however, that feed-
back resistor R3 is a load on the output.

(b) Total noise is dominated by:
(i) voltage noise at low Req,
(ii) resistor noise at mid Req,
(iii) current noise at high Req, because resistor noise is
proportional to ~ while the current noise con-
tribution to total noise is proportional to Req.

The table below lists which op amp gives minimum totai
noise for a specified equivalent source resistance. A two step
prcoedure should be followed to optimize noise:

(1) Reduce equivalent source resistance to a minimum al-
lowed by the specific application.

(2) Enter the table to find the optimum op amp.

The table actually has two sets of devices: one for low fre-
quency (instrumentation), one for wideband applications.
The slight differences between the two columns occur be-
cause voltage and current noise increase at low frequencies
(below the so-called 1/f corner) while resistor noise is flat
with frequency.

SOURCER BESTOPAMP
(R.q) @ LOW FREQ. (10Hz) @ WIDEBAND (1kHz)

00 to 4000 LT1028 LT1028
4oo0101k LT1007/37 LT1028
1kt04k LT1007/37 LT1028, LT1007/37
4k 10 15k LT1oo1 LT1007137
15k to 30k LT1oo1 LT1001, LT1007137
30k to 70k LT1001, LT1012 LT1001
70k 10 150k LT1012 LTloo1, LT1012

LT1055/56122, LT1057/58
150k to BOOk LT1012, LT1006/13/14 LT1012, LT1006/13/14

LT1055/56/22, LT1057f58
BOOk102M LT1012 LT1012, LT1006/13/14

LT1055/56/22, LT1057158 LT1055/56122, LT1057/58
2M 10 10M LT1055/56122, LT1057/58 LT1012

LT1055/56/22, LT1057/58
>10M LT1055/56/22, LT1057/58 LT1055/56/22, LT1057/58



The actual achievable total noise is plotted at 10Hz and 1kHz.
The striking feature of these plots is that with the proper se-
lection of op amps total noise is dominated by equivalent
source resistor noise over a five decade (100ll to 10Mll) range.

For Op Amp literature call 800·637·5545.For help with an
application call (408)432·1900, Ext. 361.
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DC Accurate Filter Eases PLLDesign
Nello Sevastopoulos
Philip Karantzalis
The LTC1062 is a versatile, DC accurate, instrumentation
lowpass filter with gain and phase that closely approximate a
5th order Butterworth filter. The LTC1062 is quite different
from presently available lowpass switched capacitor filters
because it uses an external (R,C) to isolate the IC from the in-
put signal DC path, thus providing DC accuracy. The DC
accurate output, pin 7 of Figure 1, is buffered by an internal
op amp from the switched capacitor network. The output of
the switched capacitor network drives the bottom of C1. The
input and output appear across an external resistor and, the
IC part of the overall filter handles only the AC path of the
signal. A buffered output is also provided (Figure 1) and its
maximum guaranteed offset voltage over temperature is
20mV. Typically the buffered output offset is 0-5mV and drift
is 1IlV/oC. The use of an input (R, C) also provides other
advantages, such as lower noise and antialiasing.

With commercially available PLLs, the loop filter is designed
by the user to optimize the loop performance. For a variety of
applications, a 1st or 2nd order lowpass passive or active R,
C filter will do the job. When minimum output jitter and good
transient response are required simultaneously, the design of
the loop filter becomes more sophisticated. For instance, a
fast transient response implies wide filter bandwidth and a
reduced VCO output jitter implies minimum ripple at the VCO
input. This is achieved by high out band attenuation of the
lowpass filter. The LTC1062provides the above requirements
as well as economy and cutoff frequency programmability to
be used advantageously in PLL designs.

The circuit of Figure 2 illustrates the use of the LTC1062as a
loop filter. The power supplies for the circuit are a single 5V

IX: ACCURATE
OUTPUT

BUFFERED
OUTPUT

for the PLL and ±5V for the LTC1062. The CMOS PLL is a
CD4046B. The LTC1062 can also be used with a single 5V
with some additional level shifting (see AN20). Phase detec·
tor #2 drives a diode·resistor limiter combination to make the
voltage at input R of the LTC1062 swing from one diode
above ground to one diode below the 5V supply. Additionally,
the two 5k resistors establish a maximum AC impedance to
keep the LTC1062 in its operating region and to bias the VCO
input at its mid point when phase detector #2 switches into a
three·state mode.

An empirical design procedure for input frequencies less
than 5kHz (fiN$5kHz, Figure 2) is illustrated below:

• Given the minimum input frequency value, the cutoff fre·
quency, fe,of the LTC1062should be chosen as:

1/6 (fIN(MIN))$ fe$1/4 (fIN(MIN))

The internal (or external) clock frequency of the LTC1062
should be 150to 250times the desired cutoff frequency, fe.

• The capacitor Casc selling the LTC1062's internal oscilla·
tor should be chosen by:

(
130kHz )

Case= 250xfe -1 x33pF

By further decreasing the value of Case, the internal clock
frequency of the LTC1062 increases and the damping of
the loop also increases.

• By letting the value of C=0.047IlF, the LTC1062 input reo
sistor Rshould be:

R- 5500kO
- fe(Hz)

Note: For this application, the loop filter is not required to
be maximum flat and, therefore, the (R, C) values of the
LTC1062can be within ± 5% tolerance.

To illustrate the performance difference between a low·
pass passive R, C loop filter and the LTC1062, the circuit of
Figure 2 was tested lor a Pll with a 60Hz:!: 10% Input he·
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Transient response (C) and jiller (0) of the PLL with the LTC1062 used as a loop filter. The vca output frequency is 6kHz and the.;. N = 100.
The jiller is reduced to the internal jiller of the vca. Figure 3

quency range and with + N = 100. Then, the PLL's VCO out· clock generator for a tracking switched capacitor filter. A
put could be used to drive the clock input of a precision small improvement in the VCO output jitter could be achieved
switched capacitor filter, such as an LTC1060Aset up in a by further decreasing the filter's cutoff frequency; this, how·
100:1 clock to center ratio, and configured as a 60Hz sharp ever, would further penalize the circuil's settling time.
notch or bandpass filter. Figure 3A shows the transient reo
sponse of the loop when a passive R,C loop filter, Figure 4, is
used. The input frequency is shifted from 54Hz to 60Hz and
the loop takes 820ms to settle within 5% of its steady stable
value. The corner frequency of the R, C passive filter is 22Hz.
The natural frequency of the loop is approximately 10Hzand
the damping factor less than 0.1. Figure 3B shows the jitter at
the VCO output under the above conditions. A 30/ls jitter with
fOUT=6kHz corresponds to 18% instantaneous frequency
inaccuracy. This makes the PLL VCO output unusable as a

15k

IN~OUT

To"",
IIlOll

Figures 3C and 3D show the PLL performance when an
LTC1062 is used as a loop filter. The corner frequency fe of
the LTC1062was set at 9.5Hz(= 1/6 fiN)and its internal clock
was set for 2.4kHz (=252 x fel. The settling time of the loop
was 320ms and the damping factor was optimally set to 0.7.
The 1/1sVCO output jitter, fOUT= 6kHz, was measured over 5
periods and it is attributed to the inherited jitter of the VCO
internal circuitry. With the LTC1062used as a loop filter, the
circuil's jitter corresponds to 0.12% frequency error. This is
quite adequate to drive the clock input of 0.3% accurate
switched capacitor filters, such as LTC1059Aor LTC1060A.

For Filter literature call 800·637·5545. For help
with an application call (40B) 432·1900, Ext. 361.
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A common problem area in switching regulator design is the
inductor, and the most common difficulty is saturation. An in·
ductor is saturated when it cannot hold any more magnetic
flux. As an inductor arrives at saturation it begins to look
more resistive and less inductive. Under these conditions
current flow is limited only by the inductor's DC copper reo
sistance and the source capacity. This is why saturation of-
ten results in destructive failures.

While saturation is a prime concern, cost, heating, size, avail·
ability and desired performance are also significant. Electro·
magnetic theory, although applicable to these issues, can be
confusing, particularly to the non·specialist.

5VIN
22JLF

+

VIN

GND LT1070

- Vc

Practically speaking, an empirical approach is often a good
way to approach inductor selection. It permits real time
analysis under actual circuit operating conditions using the
ultimate simulator-a breadboard. If desired, inductor de·
sign theory can be used to augment or confirm experimental
results.

Figure 1 shows a typical flyback regulator utilizing the
LT1070switching regulator. A simple approach may be em·
ployed to determine the appropriate inductor. A very useful
tool is the #845 inductor kit' shown in Figure 2. This kit pro·
vides a broad range of inductors for evaluation in test circuits
such as Figure 1.



Figure 3 was taken with a 450JlHvalue, high core capacity
inductor installed. Circuit operating conditions such as input
voltage and loading are set at levels appropriate to the in-
tended application. Trace A is the LT1070's VSWITCH pin volt-
age while trace B shows its current. When VSWITCH pin volt·
age is low, inductor current flows. The high inductance
means current rises relatively slowly, resulting in the shallow
slope observed. Behavior is linear, indicating no saturation
problems. In Figure 4, a lower value unit with equivalent core
characteristics is tried. Current rise is steeper, but saturation
is not encountered. Figure 5's selected inductance is still
lower, although core characteristics are similar. Here, the
current ramp is quite pronounced, but well controlled. Figure
6 brings some informative surprises. This high value unit,
wound on a low capacity core, starts out well but heads
rapidly into saturation, and is clearly unsuitable.

Figure 2. Model 845 Inductor Selection Kit from Pulse Engineering,
Inc. (includes 18 fully specified devices)

HORIZ=5"s/OIV

Figure 4. Waveforms for 170~H,High Capacity Core Unit

HORIZ = 5"s/DlV

Figure 6. Waveforms for 5OO~H,Low Capacity Core Inductor
(note saturation eflects)

The described procedure narrows the inductor choice within
a range of devices. Several were seen to produce acceptable
electrical results, and the "best" unit can be further selected
on the basis of cost, size, heating and other parameters. A
standard device in the kit may suffice, or a derived version
can be supplied by the manufacturer.

Using the standard products in the kit minimizes specifica-
tion uncertainties, accelerating the dialogue between user
andinductorvendo[

References

AN·25 "Switching Regulators for Poets", Jim Williams,
Linear Technology Corporation
AN-19 "LT1070 Design Manual", Carl Nelson, Linear
Technology Corporation

HORIZ=5"s/DIV

Figure 3. Waveforms for 450~H,High Core Capacity Unit

HDRIZ =5"s/DIV

Figure 5. Waveforms for 55~H,High Capacity Core Unit

For Switching Regulator literature call 800·637·5545.For
help with an application call (408)432-1900,Ext. 361.
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Chopper Amplifiers Complement
a DC Accurate Low-PassFilter

Monolithic switched-capacitor low-pass filters, although they
offer precise frequency responses, cannot usually be used
for DC accurate applications because of their prohibitive DC
offsets and poor gain linearity. The LTC1062, however, is
quite different from currently available low-pass switched-
capacitor filters because it uses an external (R, C) to isolate
the IC from the input-signal DC path and to provide antialias-
ing for incoming signals larger than half its clock frequency.
The LTC1062 is ideal when used in conjunction with high
performance chopper-stabilized op amps.

The LTC1050 is an ultra low offset, low noise chopper with
the sampling capacitors internal. It can remove residual
clock noise without adding further DCerror. Also, the internal
capacitor minimizes board area.

Figure 1 shows a low cost, 7th order DC accurate, 10Hz low-
pass filter where amplitude and phase response closely ap-

proximates a Bessel filter. The required clock frequency is
2kHz, thus yielding a clock to cutoff frequency ratio of 200:1.

The LTC1050is configured as unity gain 2nd order low-pass
filter which center frequency is (1.21"R'C')= 1.72x
fcur-OFF = 17.2Hzand Q = 0.5. Figure 2 shows the amplitude
response of the filter, and Figure 3 shows a well behaved
transient response for which Bessel filters are famous. The
power supplies used were ± BV to provide a total DC input
common-mode range of ± 6V.The measured wideband noise
was 52llVrms. The clock, and R, C values of Figure 1 can be
easily modified to provide a 7th order Butterworth 10Hzfilter,
such as: fClK = 1kHz, R= 26.7k,C = 11lF,R' = 165k,C1= 0.21lF
and C2= 0.047IlF.The diode at LTC1062pin 3 should be used
to protect the device from incoming signals above the power
supplies.

Figure 1. Combining the lTC10SOChopperOp Amp with the
lTC1062to Provide a 10Hz, DCAccurate low·Pass Bessel Filter
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Figure 2. Amplitude Response of Figure 1, Providing a Close
Approximation to a Bessel Filter

In Figure 4, an external (R1, R2,C1) network is used at the in·
put·output of the internal buffer of the LTC1062(pins 7 and 8),
to provide an additional 2 pole, Q = 0.707,high·pass filter. The
filter output at pin 8 is bandpass, Figure 5, whereas the DC
accurate Butterworth low·pass filter is still available at the
output of the LTC1050.This circuit allows the user to sepa·
rate the DC and AC components of an incoming signal, VIN.
Here, the LTC1050buffers the low·pass filter section of the
overall bandpass filter. For a Q = 0.707, the design equation
for the high·pass sections are straightforward: set R2= 2R1;

and then the high·pass cutoff frequency is, fe = (0.7071
21fR1C1).The circuit in Figure 4 can be easily operated with a
single supply, because resistor R2 and capacitor(s) C1 of the
high·pass section, also DC bias pin 7 at mid supplies inde·
pendently of the DC input voltage. If only a single supply is
available, simply bias the bottom side of R2at half supply.

For Filter literature call 800·637·5545. For help
with an application call (408) 432·1900, Ext. 361.

TO.1•F

Figure 4. A Bandpass, DC Accurate Lowpass Filter Combination
used to Extract the AC Information from a DC + AC Input Signal
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Figure 5. Frequency Response of the Bandpass
Filter Output, VOUT2, of Figure 4
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Number 10 in a series from Linear Technology Corporation

Guy Hoover
William Rempfer

Introduction

In data acquisition systems it is often necessary to elec-
trically isolate the measurement points from the system
controller. Reasons for the electrical isolation include the
following: to allow floating measurements at high voltages;
for safety, to reduce the danger of electrical shock, as might
occur in medical applications; and to eliminate ground loops
between measurement points and the system controller
which can cause errors.

The data transmitted over the isolated lines can be either
analog or digital. Analog signals have poor noise immunity
and one isolator is required for each signal point. Tradition-
ally, the highly noise immune, digitally encoded signals re-
quired many isolated lines for each channel. Now, with the
LTC1090family of serial data acquisition systems, it is possi·
ble to transmit eight channels of data with only four isolated
lines. Each additional eight channels requires only one
additional isolated line.

Both opto isolators and pulse transformers could be used to
isolate the signals. However, since opto isolators tend to be
smaller and less expensive than pulse transformers, they will
be the only type of device considered here.

The circuit to be demonstrated is an eight channel data ac-
quisition system with 500V of isolation that uses the
LTC1090and four opto isolators. With the addition of another
opto isolator, the circuit can be battery operated, drawing
only 50llA while taking a reading once every two seconds.

The number of channels can be increased to 16, 24, 32, etc.,
with one additional opto isolator used to increase the num·
ber of channels in multiples of eight. Up to 24 channels can
be powered directly by the LT1021.

Circuit Description

The LT1021 powers the analog circuitry and provides an
accurate reference. A 10 resistor isolates the reference from
power supply transients.

The 4N28s in Figure 1are very commonly used opto isolators.
They provide only 500V of isolation, however. If more isola-
tion is desired, up to 2500V of isolation can be obtained by
using 4N25s with no other circuit modifications.

PNPtransistors were chosen to drive the opto isolators to opti·
mize signal fall time and clock rate. DOUTof the LTC1090is
transmitted on the falling edge of SCLK. Data is clocked into
the processor on the rising edge of SCLK.1t is therefore neces-
sary that the falling edge of SCLK haveas little delay as possi-
ble through the opto isolator. This insures that DOUTcan be
output by the LTC1090in time to be captured by the processor
on the rising edge of SCLK. NPNscould be used at slower data
rates or if burning more current is not objectionable.

The current limiting resistors in the collectors of the opto
drivers are chosen with the Current Transfer Ratio (CTR) of
the opto isolator in mind. The output transistor of the opto
isolator must have enough base current to drive the desired
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Figure 1. Micropower, 500V Opto Isolated, Multichannel, 10·Bit Data
Acquisition System is Accessed Once Every Two Seconds

load. The base resistor on the opto output transistor is there
to decrease the turn off time of the opto isolator.

The code written for the Motorola 68HC05 processor is avail-
able from Linear Technology. The code powers up the circuit,
allows 6.0ms for the 1O/LFcap to charge to its final value,
reads 9 channels in 12ms, and then powers down until the
next set of readings is required. Nine channel readings are re-
quired because, when the LTC1090 is powered up, a dummy
read is necessary to initialize the device. The frequency of
the ACLK generated by the 74C14 is not too critical. The soft-
ware must provide a delay of at least two ACLK cycles
between the time CS goes low and the first SCLK edge is gen-
erated. Another delay of 44 ACLKs is required during the time
that CS is high between data transfers.

Alternatives

The circuit demonstrated in Figure 1 is capable of transfer-
ring serial data at about a 15kHz rate, which is fast enough
for many applications. For higher data transfer rates, pulse

transformers from companies such as Sprague or Pulse Engi·
neering, or high speed opto isolators such as Hewlett
Packard's HCPL2200 are available which can transmit data
at the ful11MHz rate that the LTC1090 is capable of.

Summary

The LTC1090 with its serial architecture is ideally suited for
isolation applications. It requires only four isolated lines for
eight channels of data and can be expanded by adding only
one additional isolated line for each additional eight chan-
nels of data required. Possible applications for this and simi-
lar circuits are PC-based measurement systems, medical
instrumentation and other applications where large
common-mode voltages or ground loops exist.

For LTC1090 literature call 800·637·5545. For help
with an application call (408) 432·1900, Ext. 361.
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Achieving Microamp Quiescent Current in Switching Regulators
Jim Williams
Many battery powered applications require very wide ranges
of power supply output current. Normal conditions require
currents in the ampere range, while standby or "sleep"
modes draw only microamperes. Atypical lap top computer
may draw 1 to 2 amperes running while needing only a few
hundred microamps for memory when turned off. In theory,
any switching regulator designed for loop stability under no-
load conditions will work. In practice, a regulator's relatively
large quiescent current may cause unacceptable battery
drain during low output current intervals.

Figure 1 shows a typical flyback regulator. In this case the 6V
battery is converted to a 12V output by the inductive flyback
voltage produced each time the LT1070's Vsw pin is inter-
nally switched to ground. An internal 40kHz clock produces a
f1yback event every 25/1s.The energy in this event is con-
trolled by the IC's internal error amplifier, which acts to force
the feedback (FB) pin to a 1.23V reference. The error ampli-
fiers high impedance output (the Vc pin) uses an RC damper
for stable loop compensation.

This circuit works well but pulls 9mA of quiescent current. If
battery capacity is limited by size or weight this may be too
high. How can this figure be reduced while retaining high cur-
rent performance?

A solution is suggested by considering an auxiliary Vc pin
function. If the Vc pin is pulled within 150mVof ground the IC
shuts down, pulling only 50 microamperes. Figure 2's special
loop exploits this feature, reducing quiescent current to only
150 microamperes. Here, circuitry is placed between the
feedback divider and the Vc pin. The LT1070's internal feed-
back amplifier and reference are not used. Figure 3 shows
operating waveforms under no-load conditions. The 12V out-
put (trace A) ramps down over a period of seconds. During
this time comparator A1's output (trace B) is low, as are the
paralleled inverters. This pulls the Vc pin (trace C) low,
putting the IC in its 50/IA shutdown mode. The Vsw pin
(trace D) is high, and no inductor current flows. When the 12V
output drops about 20mV, A1 triggers and the inverters
(74C04) go high, pulling the Vc pin up and turning on the

regulator. The Vsw pin pulses the inductor at the 40kHz clock
rate, causing the output to abruptly rise. This action trips A1
low, forcing the Vc pin back into shutdown. This "bang-bang"
control loop keeps the 12Voutput within the 20mV ramp hys-
teresis window set by R3-R4. Diode clamps prevent Vc pin
overdrive. Note that the loop oscillation period of 4-5 sec·
onds means the R6-C2 time constant at Vc is not a signif-
icant term. Because the LT1070spends almost all of the time
in shutdown, very little quiescent current (150~) is drawn.

Figure 4 shows the same waveforms with the load increased
to 3mA. Loop oscillation frequency increases to keep up with
the loads sink current demand. Now, the Vc pin waveform
(trace C) begins to take on a filtered appearance. This is due
to R6-C2's 10ms time constant. If the load continues to in-
crease, loop oscillation frequency will also increase. The
R6-C2 time constant, however, is fixed. Beyond some fre-
quency, R6-C2 must average loop oscillations to DC.

Figure 5 plots what occurs, with a pleasant surprise. As out-
put current rises, loop oscillation frequency also rises until
about 500Hz.At this point the R6-C2 time constant filters the
Vc pin to DC and the Ln070 transitions into "normal" opera·
tion. With the Vc pin at DC it is convenient to think of A1 and
the inverters as a linear error amplifier with a closed loop
gain set by the R1-R2 feedback divider. In fact, A1 is still duty
cycle modulating, but at a rate far above R6-C2's break
frequency. The phase error contributed by C1 (which was se-
lected for low loop frequency at low output currents) is dom-
inated by the R6-C2 roll off and the R7-C3 lead into At The
loop is stable and responds linearly for all loads beyond
BOmA. In this high current region the LT1070 behaves like
Figure 1's circuit.

The loop described provides a controlled, conditional insta·
bility to lower regulator quiescent current by a factor of 60
without sacrificing high power performance. Although demon-
strated in a boost converter, it is readily exportable to other
configurations, (e.g., multi-output flyback, buck, etc.) allowing
LT1070use in low quiescent power applications.
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For LT1070 literature call 800·637·5545. For help
with an application call (408) 432·1900, Ext. 361.
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With the advent of low cost and powerful desktop computers,
present day op amp circuit designs can mature more quickly
with good simulation tools. One such tool since its inception
has been SPICE, the standard analog circuit simulator.
However, while PCs and workstations may now be present
on more and more desks, a potential bottleneck towards
effective simulation has been SPICE models for the more
popular parts.

The macromodel approach to simulation of an op amp is
viable for many designs, with the great asset of simulation
speeds far faster than that of a full device· level circuit. With
this design note, Linear Technology Corporation introduces

LTl013 FUNCTIONAL PINOUT

V+

+INv+8 .SUBCKT lTl013

1 OUTPUT

-IN 2 - 4

V-

op amp macromodels to its applications library. It is hoped
that eventually most op amps in the product line will be de·
veloped as macromodels and made available to customers.

The LT1013and LT1014devices are popular single supply LTC
op amps, and are thus logical candidates for macromodels.
While existing macromodels for the generic 358 and 324
types might suffice for some applications, circuit designs
which take advantage of the unique precision and functional
features of the LT1013warrant a model which reflects those
features. The schematic diagram of the LT1013 and LT1014
macromodel is shown in Figure 1, and is applicable to one
channel of either device.
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Key op·amp specifications for the commercial device are:
offset voltage = 50/lV (offset is not simulated)
bias current = 8nA
gain = 1000000
slew rate = OAV//ls
bandwidth =0.8MHz
Also, the model simulates the input common mode range
(which includes ground) and the output characteristics of
swinging to ground while sinking current.

This macromodel acts very much like the real LT1013 or
LT1014 device which incorporates input common mode
clamping, to prevent the sign·reversal errors common to the
358/324 types. For example, comparison responses for the
LT1013 and the 358 are shown in Figure 2. The common
conditions of this test are for an overdriven, + 5V single·
supply follower. In both instances, the input signal is VIN,
a - 20V to 20V sweep fed through 10k, while the output
isV(5).

Note that with the 358, the output reverses sign when the in·
put is overdriven below ground. In contrast, the LT1013model
is well behaved, simply clamping the overdrive at ground
level...just like the real LT1013device does!
The model itself is listed on this page, and can be entered by
typing it in (carefully!). Registered users of MicroSim's
PSPICEsimulator will automatically receive this macromodel
as part of the model library update with version 3.07. Inter·
ested readers may contact MicroSim at the address or phone
number listed at the end of this note for further information.
This LT1013/LT1014op amp macromodel is being supplied to
users as an aid to circuit designs. While it reflects reasonably
close similarity to the actual device in terms of performance, it
is not suggested as a replacement for breadboarding. Simula·
tion should be used as a forerunner or a supplement to tradi·
tionallab testing.

-10
-20 -15 -10 -5 0 5 to 15 20

VI'l (V)

Figure 2. LT1013Test Circuit: Single·Supply (+ 5V), Overdriven
Follower

This more complete macromodel has been adapted from the
Parts program generated LT1013/LT1014model. This version
features closer fidelity to the real part, with input common
mode clamping and compensated output clamping. It can be
used for large signal and/or single supply applications, where
the inputs can potentially be overdriven.

SPICE List for LT1013Macromodel

connections:

*
*
*
*
*
.subekt LT1013
*
*

el 11 12
e2 6 7
de 8 53
de 54 8
dip 90 91
din 92 90
dp 4 3
e9nd 99 0
fb 7 99

non·inverting input
I inverting input
I I positive power supply
I I I negative power supply
I I I I output
I I I I I
1 2 3 4 5

poly(2) (3,0) (4.0) 0 .5 .5
poly(5) vb ve ve vip vln 0
2.475E9 - 2E9 2E9 2E9 - 2E9

ga 0 11 12 113.1E-6
gem 6 10 99 225.7E·12
iee 10 de 12.03E-6
hlim 90 0 vlim lk
ql 11 102 13 qx
q2 12 101 14 qx
rbl 2 102 400
rb2 1 101 400
deml 105 102 dx
dem2 105 101 dx
veme 105 4 de
r2 6 9
reI 4 11
re2 4 12
reI 13 10
re2 14 10
ree 10 99
rol 8 5 80
r02 7 99 25
ip 3 4 328E-6;supply current
vb 90deO
ve 3 53 de 1.610
ve 54 4 de .61
vlim 7 8 de 0
vip 91 0 de 25
vln 0 92 de 25
.model dx O(ls=BOO.OE·18)
.model qx PNp(ls =BOO.OE·18Bf =4(0)
.ends

0.4
loo.0E3
8.841E3
8.841E3
4.519E3
4.519E3
16.63E6

PSPICEsimulator is available from:
MieroSlm
23175 La Cadena Drive
Laguna Hills, CA 92653
(714)nlJ.3(J22;(8OO)8~

For LT1013114 literature cali 800·637·5545. For help
with an application call (408) 432·1900, Ext. 361.
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Closed Loop Control with the LTC1090 Series
of Data Acquisition Systems

Guy Hoover
William Rempfer

Introduction

The use of microprocessors in process control loops is quite was designed to implement an automatic filling station for
common. A processor based control loop requires special de· the model train shown in Figure 1. When 51 is closed the
sign considerations as compared to traditional analog loops. MC68HC05 processor reads the LTC1092.If the weight is be·
Often a single centrally located processor will be used to low the preprogrammed limit in the processor then the motor
control several remotely located processes. The outputs of drive line which controls the pump is turned on. The LTC1092
the remote process sensors can be digitized at the sensor is continually read by the processor as the truck is filled, until
location and then be transmitted to the central processor. Un· the limit is reached. The motor drive line is then shut off. The
fortunately, transmitting digital signals typically requires one limit may be derived in a number of ways. A fixed limit will reo
wire for each bit of resolution and requires expensive suit in filling to an absolute weight, while relative or tare
cabling. Alternatively, the sensor output can be transmitted weight filling can be implemented when the measured empty
as an analog signal to the central processor area for weight is used in the calculation of the limit. Code
digitization. However, transmitting analog signals over dis· for this application is available upon request from Linear
tances can introduce errors because of noise and voltage Technology Corporation.
drops in the wires.

The solution to these control loop problems can be found in
the LTC1090series of data acquisition systems. As can be
seen in the schematic of Figure 2, ten bits of data can be digi·
tized remotely and sent to the processor with only three wires
plus ground. The single supply capability and the low DC cur·
rent drain (1mA typ.) also simplify remote location. The
LTC1090series provides the user with blocks of 1, 2, 6 or 8
10·bit channels which can be chosen according to how many
sensors are located in each remote site.

The LTC1090series is ideally suited for such process control
loop applications as position control, temperature control,
container filling and tension control.

Circuit Description

The circuit of Figure 2 is a container filling control loop which
has a resolution of .03 pounds with a 30 pound full scale. It

Figure 1. A Typical Application. Automatic Filling at a
Railroad Siding.
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Figure 2. This Circuit Determines Small Weight Changes, Permilling Accurate Filling. Using the
Appropriate Transducer, Containers may Range from Perfume Bollies to Railroad Cars.

The NCI 3220 strain gauge used in this circuit has a linearity
specification of .04% which makes it a good match for the
.05% linearity of the LTC1092. However, the offset and full
scale of the strain gauge are only guaranteed to 10% so
trims are required. The circuit is run ratiometrically so an ab-
soiute reference is not required. The strain gauge output is
amplified by one-half of an LT1013with the other half being
used to buffer the resistor divider that is used for the
LTC1092'sVREFpin. Only one op amp is necessary to amplify
the strain gauge output because of the differential inputs of
the LTC1092.The 2.15MOresistor from pin 1to 3 of the LT1013
is to balance the load on the strain gauge bridge. With the
strain gauge zeroed, both inputs on the LTC1092are at about
2.5V.As weight is added, the output of the LT1013into the mi·
nus input of the LTC1092 swings toward ground. At the 30
pound full scale, the output of the LT1013 is about 100mV
above ground which results in a total swing of about 2.4V.
The 21lFmylar capacitor filters the LT1013output eliminating
the effects of vibration caused by filling the train car. (As the
train car nears the full point, vibration induced noise can
cause the processor to stop the filling too soon.) It is im·
portant that the processor monitors the filling process in a
timely fashion to prevent overflow. The setup shown relied on
a slow fill rate to solve the last problem but with the proces-
sor in the loop it is possible to give the fill algorithm some

intelligence so that it would run at a high speed to begin with
and then run at a slower speed at some preset limit until the
final limit is reached.

To calibrate the circuit, offset is first adjusted with no weight
on the platform. Next, a known weight near full scale is used
to adjust the gain. Once calibrated, variations in the supply
voltage within the voltage limits of the LTC1092should not
cause additional errors.

Summary

The LTC1090series is well suited for use in closed loop can·
trol systems. Their low supply current and serial interface
make them easy to locate remotely. With a total unadjusted
error of .05% over temperature the LTC1090series is a good
match to a wide variety of sensors. The differential inputs of
the LTC1090series can also simplify circuit design while a
choice of 1, 2, 6 or 8 inputs gives the user just the level of
complexity that is needed.

For LTC1090Series literature call 800·637·5545.For
help with an application call (408)432·1900, Ext. 361.
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High Speed Operation

Although the EIA RS232specification is for a relatively slow time is approximately 1.2 microseconds. Output load is 3k.
communications protocol, many applications require RS232 Receivers are much faster and can handle these baud rates
transceivers to operate at higher frequencies. Devices such with no problem. For higher communication rates, a differen·
as the LT1080,LT1081,and the LT1130series share a common tlal signal is recommended.
design for the drivers and receivers and are capable of
operating over 100kilobaud. Power Supply Tricks

Although the slew rate is controlled for all of the Linear The power supply generator on 5V powered devices is a
Technology series of RS232 communications devices, for charge pump circuit which generates approximately ± 9V
output levels limited to ± 6V the transition time is fast from a single 5V supply. Parallel operation of the supply
enough to allow high baud rates. With a slew rate of approxi· charge pumps for 5V powered transceivers is easily achieved
mately 10V per microsecond, it only takes 1.2 microseconds to minimize component count. The positive and negative sup-
for a 12V excursion. The two photos (Figure 1 and Figure 2) ply have approximately 11lF of holding capacitance for
show the output waveform and delay associated with a energy storage. If several devices with charge pumps are
75kHz square wave input and a 100kHz square wave. Delay used in the same system, the output supplies may be paral·
times are in the order of 0.5 microseconds and the totai slew leled into a single pair of common energy storage capacitors.



Figure 3 shows two LT1080's with common power supply
capacitors for energy storage. Twice the output current is
available for external use. This eliminates two capacitors
from the system. Individual charge pump capacitors are still
needed on each of the devices.

Operation with + 5V and +12V Supplies

The charge pump circuitry takes the input 5V and doubles it.
The doubled voltage is then inverted to obtain a negative out·
put. The only reason for doubling the input is to ensure
adequate positive and negative output voltage to meet RS232
specifications. In PC systems, where + 12V is available, the
internal voltage doubler does not need to be used. The device
may be connected directly to a + 5V and a + 12V supply. The
+ 12V is then inverted to obtain approximately -11V. This
eliminates one charge pump capacitor and one holding
capacitor for the 12V output. Figure 4 shows an LT1080con·
nected to a 12V and 5V power supply. The + 12V is connected
into one of the charge pump capacitor pins rather than the
12Voutput pin. Supply current also decreases to about 9mA.
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For literature about our complete line of RS232
products, call 800·637·5545. For help with an
application, call (408) 432·1900, Ext. 357.
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Number 15 in a series from Linear Technology Corporation

Noise Calculations in Op Amp Circuits
Alan Rich

Noise calculations in op amp circuits are one of the most
confused calculations that an analog engineer must perform.
One cannot just look at noise specifications; the total op
amp circuit including resistors and operating frequency
range must be included in calculations for circuit noise. A
"low" noise amplifier in one circuit will become a "high"
noise amplifier in another circuit.
As a part of this Design Note, an IBM·PC or compatible com·
puter program, NOISE, has been written to perform the noise
calculations. This program allows the user to calculate cir·
cuit noise using LTC op amps, determine the best LTC op
amp for a low noise application, display the noise data for
LTC op amps, calculate resistor noise, and calculate circuit
noise using noise specs for any op amp. At the end of this
Design Note there are detailed operating instructions for the
computer program NOISE.
To calculate noise for an op amp circuit, one must consider
the op amp voltage and current noise density and 1/1corner
frequency, the frequency range of interest, and the resistor
noise.
The most comprehensive specification for voltage or current
noise is the noise density frequency response curve as
shown in Figure 1.
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Figure 1.

There are two distinct regions to consider:
1. The high frequency part of the curve shows the shot noise

and is independent of frequency.
2. The low frequency part of the curve is the 1/f noise as

shown by a rapidly increasing noise density. In low
frequency applications, the 1/1noise limits the minimum
level of noise. The point on the curve where the asymp·
totes of the shot noise and 1/f noise intersect is the 1/f
corner frequency.

To calculate the total RMS noise of an op amp over a
bandwidth:

N = NO x .JFCx LN (FHfFL)+ (FH - FL) (Equation 1)
Where N is the RMS current or voltage noise measured from
a lower frequency FL to an upper frequency FH and NO is the
current or voltage shot noise density with a 1/f corner
frequency FC.
Consider an audio preamplifier using an LT1037as a simple
inverting circuit (Figure 2) and the corresponding noise
model (Figure 3).

Figure 3. Noise Model



EN is the voltage noise of the op amp, EN1 is the voltage
noise developed by the current noise in resistors R1 and R2,
EN2 is the voltage noise developed by the current noise in reo
sistor R3, ER1 is the voltage noise of R1 and R2, and ER2 is
the voltage noise of R3.
Since we are using an LT1037over the audio frequency range,
NO = 2.5nV/~z, FC = 2.0Hz, FH = 20kHz, FL = 20Hz.
Plugging into Equation 1:

EN = 2.5 x -J~2x-L-N-(2-0k-H-z/2-0H-z-)+-(2-0k-H-z--2-0H-z)
EN = 354nV, RMS

To calculate EN1, first the current noise must be calcuiated
using Equation 1 and a current noise density of 0.57pAI
~z and 1/1corner frequency of 120Hz.

IN = 0.57 x ,,1120 x LN (20kHz/20Hz) + (20kHz - 20Hz)
IN = 82pA, RMS

IN will flow into the parallel combination of R1and R2.
EN1 = 82pA x 1k 11100k = 82nV, RMS

Similarly, EN2 results from IN flowing in R3.
EN2 = 82pA x 1k = 82nV, RMS

The voltage noise of the resistors must be calculated next. In
general, resistor noise is given by:

ER=,J4x KxTx Rx(FH - FL)
Where K is Boltzman's Constant, 1.39x 10-23, T is tempera·
ture (K), R is the resistor value, FH is the upper frequency, and
FL is the lower frequency of interest.
At 25°C, this equation reduces to:

ERdRx(FH-FL) x1.28x10-10

To calculate ER1we must consider R1 in parallel with R2,
ER1 = ,J(1k 1[100k) x (20kHz-20Hz) x 1.28 x 10-10

ER1 = 570nV, RMS
Similarly, to calculate ER2,

ER2=,J1kx(20kHz-20Hz) x 1.28 x 10-10
ER2 = 570nV, RMS

To calculate the total noise of the audio preamplifier using an
LT1037, the RMS sum of the individual terms must be
calculated.

TOTAL NOISE= ,JEN2 + EN12+ EN22 + ER12+ ER22
TOTAL NOISE = ,,13532 + 8Q2+ 8Q2+ 5702+ 5702 = 88OnV,RMS

To calculate p.p noise, multiply the RMS noise times 6; the
total peak·to·peak noise is 5.3/lV for this preamplifier.
It is important to realize this noise is referred to the input of
the circuit; to obtain the output noise level, the input noise
must be multiplied by the noise gain which can be different
from the circuit gain:

OUTPUT NOISE = TOTAL NOISE x NOISE GAIN
OUTPUT NOISE = 880nV x 101= 89~V, RMS or 534~V, peak-lo-peak

It should be noted that design techniques to optimize DC
performance will frequently result in higher noise. For exam·

pie, to minimize DC errors, a balance resistor is often placed
in the + Input of an op amp to compensate for an error volt·
age created by bias current flowing in gain setting resistors
connected to the -Input. This resistor will increase the out·
put noise since op amp noise current must flow through the
resistor, and thus create a voltage noise generator. For mini·
mum noise levels, the resistor in the + Input should be Oil As
a side note, for precision op amps (LT1001,LT1007,OPO?)that
employ bias current cancellation techniques, this resistor
should be Oil to minimize DC errors since the bias current
equals the offset current.
Instructions for Operating NOISE
NOISE is a general purpose computer program to calculate
noise in op amp circuits. It will run on any IBM·PC compatible
computer with a direct call from DOS.
Noise specifications and data for Linear Technology op amps
(LT10XX)are contained in the program's data file. All noise
specifications are based on typical specifications at 25°C.
To operate NOISE:
1. Boot the system with DOS and wait for DOS prompt "A>".
2. Insert the NOISE.EXE program disk into the A disk drive.
3. Type "NOISE" and < return>.
Operation in NOISE is menu driven throughout the program
with default values on all parameters initially.

SOURCER BESTOPAMP
(Reql @ LOW FREQ. (10Hz) @WIDEBAND(1kHz)

00 to 4000 LT1028 LT1028
4000tolk LT1oo7137 LT1028
1k t04k LT1007137 LT1028, LT1007/37
4k to 15k LT1oo1 LT1oo7137
15k to 30k LT1001 LT1oo1, LT1007/37
30k to 70k LT1oo1, LT1012 LT1oo1
70k to 150k LT1012 LT1001, LT1012

LT1055/56/22, LT1057158
150k to 600k LT1012, LT1oo6113/14 LT1012, LT1006113114

LT1055/56/22, LT1057158
6ookt02M LT1012 LT1012, LT1006/13/14

LT1055/56/22, LT1057/58 LT1055/56/22, LT1057/58
2M to 10M LT1055/56122, LT1057/58 LT1012

LT1055/56122, LT1057/58
>10M LT1055/56122, LT1057158 LT1055156122, LT1057/58

For literature on low noise op amps, or a 51/4"
"NOISE" disk, call 800·637·5545. For applica·
tions help, call (408) 432-1900, Ext. 361.
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Richard Markell
Nello Sevastopoulos

Many signal processing applications require a front end low pass fil·
ter to bandwidth limit the signal of interest. This filter is often crucial
to the system designer since it determines the number of bits which
the system can resolve by its noise and dynamic range. Until now, the
designer rejected the use of switched-capacitor filters as being too
noisy, having too much distortion, or because they were not usable at
a high enough frequency. The LTC1064·1 8th order Cauer filter can
compete directly with the discrete operational amplifier design. Not
only that, but the cost and performance advantages are tremendous.

The LTC1064·1 is a complete 8th order, clock tunable Cauer (also
known as elliptic) low pass switched-capacitor filter with internal thin
film resistors. The passband ripple is ±0.1dB and the stopband
attenuation at 1.5 times the cutoff frequency is 72dB. The device is
available in a 14·pin DIP or 16·pin surface mount package.

The LTC1064·1 boasts internal thin film resistors factory adjusted to
optimize the Cauer 8th order response. The LTC1064-1 attains wide-
band noise (2kHz-102kHz) of 150~VRMSand a total harmonic distor·
tion of 0.03% for VIN = 3VRMS.No external components are required
for cutoff frequencies up to 20kHz. For cutoff frequencies over 20kHz
two small value capacitors are required to maintain passband
fiatness.

By way of comparison, older switched·capacitor filters had noise in
the millivolts, THD in the percents, and maximum corner frequencies
limited to <20kHz.

This note compares the performance of the LTC1064·18th order Cauer
filter with internal thin film resistors to that of the equivalent filter
built with operational amplifiers. The LTC1064·1 quad switched·
capacitor filter competes favorably with op amp RC designs in most
parameters of interest to the designer and wins easily when printed
circuit board space is considered. Since it is tunable, the LTC1064·1
can replace not just one, but many op amp RC designs, if multi·fre·
quency filtering is required. The specification comparisons become
even more favorable to the LTC1064·1 as the frequencies become
higher.

COMPARING THE LTC1Q64.1WITH RC ACTIVE FILTERS
UTILIZING OPERATIONAL AMPLIFIERS

Perfonnance

The Cauer filter has target design specifications as follows: a cutoff
frequency of 40kHz, ± O.OSdBpassband ripple and a - 72dB attenua·
tion at 1.5 times the cutoff frequency. This filter is realized with stop·
band notches and it is considered a quite complex and selective filter
realization. Figure 1 details the frequency response of this design.

An 8th order active RC was designed using a fully inverting state vari·
able topology. This topology is considered "state-of·the·art" for active
filters since all non· inverting inputs of the op amps are grounded. The
discrete active RC version of the Cauer filter is quite complex requir·
ing 16 op amps, 31 resistors and 8 capacitors. The op amps used for
this comparison were TL084 quad FET input amplifiers. The circuit
topology was optimized to yield the maximum useful input voltage
swing.

Test Results

Figure 1 shows the frequency response of the LTC1064-1 connected
as shown in Figure 3. The shape of the frequency response of the ac·
tive RC state variable filter was very similar and its differences cannot
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be easily shown here. Figure 2, curve (aj, details the TL084 state vari·
able filter response near the 40kHz cutoff frequency. Laboratory
"tweaking" of resistor values could not produce any better response
than shown here. This is a passband ripple of approximately

(a): TL084 FILTE-R---- .
RIPPLE - ±0.45dB -

(b): LTC1064·1 FILTER :
RIPPLE -±0.15dB-

I

± 0.45dB. For comparison, the LTC1064·1 passband ripple is ± O.15dB
as shown in Figure 2, curve (b). This is for a clock to center frequency
ratio of 100:1, or a 4MHz clock. The measured filter amplitude reo
sponse at 1.5 times the cutoff frequency for the TL084 active RC filter
was about - 65dB while that of the LTC1064·1 was - 68dB. The noise
for the TL084 state variable implementation was 111pVRMSwhile that
for the LTC1064·1 was 145pVRMS' Second harmonic distortion mea·
surements were also made on both filters and they are included on the
summary chart, Table 1.

Table 1 compares the LTC1064·1, the switched capacitor implementa·
tion of the 8th order Cauer low pass filter, to the active RC. Both cir·
cuits operate with dual ± 7.5V supplies or a single 15V supply.

System Considerations

Not only does the LTC1064·1 compare favorably on individual speci·
fications, but It wins easily when system considerations are
evaluated. Suppose four sharp cutoff frequencies are needed. The

closest active RC solution is a 7th order single cutoff frequency Cauer
filter. Four of these non·tunable devices (each a 2' x 3' hybrid) would
be required for the four cutoff frequencies. This would be 24 square
inches of PC board space. The discrete approach using operational
amplifiers requires even more space. Since the LTC1064·1 is tunable,
four frequencies can be selected merely by tuning the clock to the
LTC1064-1. A complete LTC1064·1 system with tunable clock is esti·
mated to occupy only 4 square inches of board space. This is a whop·
ping savings of 6 times in board area. The LTC1064·1 wins easily in
this category.

In summary it can be seen from Table 1 that the LTC1064·1 is the equal
of the active RC filter. In the pure specification battle there is no clear
winner, but when the amazing difference in hardware complexity, the
full clock tunability and the simple method of application of the
LTC1064·1device are all considered it is the sure winner.

14

V,N
13 ~0.22"F

12
V-= -8V

11
fCLK=4MHz

10

9 -::-
VOUT

-::-

Figure 3. The LTC1064-1.Monolithic 8th Order Cauer Low Pass Filler
Operating with a 4MHz Clock and Providing a 40kHz Cutoff Frequency

WIDEBAND DISTORTION Vos MEASURED
# EXT # EXT # EXT NOISE, V,N = WRMS' 3VRMS OUT ISUPPLY ATIENUATION PASSBAND

OPAMPS R's,l% CAPS. 5% TUNABLE RMS· (dB) (mV)3 (mA) AT 60kHz RIPPLE TRIMMING2
RCActive
TL084 16 31 8 No 111pV -87, -87 55 33 65dB +O.45dB Yes
LTC1064·1 None1 None 1 Yes 145pV -70, -70 30 18 68dB ±O.l5dB None

Note 1: An output inverting buffer(L T118) was used for driving cables
during measurements.
Note 2: To obtain the ± 0.45dB ripple forthe TL084, 3 resistors were
trimmed.

Note 3: The output offset voltage numbers are as measured by DVM
with the input of the filter grounded.
Note 4: Measurement BW (2kHz-102kHz).

For literature on our filter products, call
800-637·5545.For help with an application, call
(408) 432·1900, Ext. 361.
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Vpp
OUTPUT

.• 200mAMAX
100,.1'

VO=12.00vT
10.7k ':"
0.1%

Vo=12.75V
11.5k
0.1%

Recently introduced "flash" memories add electrical chip-
erasure and reprogramming to established EPROM technol-
ogy. These features make them a cost effective and reliable
alternative for updatable non-volatile memory. Utilizing the
electrical program-erase capability requires linear circuitry
techniques. The Intel 28F256 flash memory, built on the
ETOXTMprocess, specifies programming operation with 12V
or 12.75V (faster erase/program times) amplitude pulses.
These "Vpp" amplitudes must fall within 1.6%, and excur-
sions beyond 14.0Vwill damage the device.

Providing the Vpp pulse requires generating and controlling
high voltages within the tightly specified limits. Figure 1's
circuit does this. When the Vpp command pulse goes low
(trace A, Figure 2) the LT1072 switching regulator drives L1,
producing high voltage. DC feedback occurs via R1 and R2,
with AC roll-off controlled by C1 and R3-C2. The result is a
smoothly rising Vpp pulse (trace B) which settles to the re-
quired value. The specified R1 values allow either 12V or
12.75Voutputs. The 5.6V zener permits the output to return to
OV when the Vpp command goes high. It may be deleted in
cases where a 4.5V minimum output is acceptable (see Intel
28F256 data sheet). The 0.1% resistors combine with the
LT1072's tight internal reference to eliminate circuit trimming

10 5V,r-i+

R3
lk

+ C2
1.f

0.1% RESISTORS~IRC'NCM55'T13
L1 ~PULSE ENGINEERINGN1'£·52645

- ~ZENER DIODEOPTIONAL - SEE TEXT

requirements. Additionally, this circuit will not spuriously
overshoot during power-up or down.

Figure 1's repetition rate is limited because the regulator
must fully rise and settle for each Vpp command. Figure 3's
circuit serves cases which require higher repetition rate Vpp
pulses. Here, the switching regulator runs continuously, with
the Vpp pulses generated by the A1-A2 loop. If desired, the
"Vpp Lock" line can be driven, shutting down the regulator to
preclude any possibility of inadvertant Vpp outputs. When Vpp
Lock goes low (trace A, Figure 4) the LT1072 loop comes on
(trace B), stabilizing at about 17V. Pulsing the Vpp command
line low causes the 74C04(trace C) to bias the LT1004 refer-
ence. The LT1004 clamps at 1.23V with A1 and A2 giving a
scaled output (trace D). The 680pF capacitor controls loop
slewing, eliminating overshoots. Figure 5 details the Vpp out-
put. Trace A is the 74C04output, with trace B showing clean
Vpp characteristics. As in Figure 1, spurious Vpp outputs are
suppressed during power-up or down. The diode path around
A2 prevents overshoot during short circuit recovery.

A good question might be; "Why not set the switching regula-
tor output voltage at the desired Vpp level and use a simple
low resistance FET or bipolar switch?" Figure 6 shows that
this is a potentially dangerous approach. Figure 6A shows



the clean output of a low resistance switch operating directly
at the Vpp supply. The PC trace run to the memory chip looks
like a transmission line with ill·defined termination charac·
teristics. As such, Figure 6A's clean pulse degrades and
rings badly (Figure 68) at the memory IC's pins. Overshoot
exceeds 20V,well beyond the 14V destruction level. The con·
trolled edge times of the circuits discussed eliminate this
problem. Further discussion of these and other circuits ap·
pears in LTCApplication Note 31, "Linear Circuits for Digital
Systems" (Available February, 1989).

10,.F 5V-r-L

Figure 4. Operating Details ot High Repelilion Rate Flash Memory
Pulser

Figure 5. Expanded Scale Display of Figure 3's Vpp Pulse.
Controlled Risetime Eliminates Overshoots.

Vpp
OUTPU1
150mA MAX

... Figure 68. Rings at Destructive Voltages
After a PCTrace Run

For literature on LT1006, LT1010 and LT1072, call
800·637·5545. For applications help, call (408)
432·1900 Ext. 361.
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A Battery Powered Lap Top Computer Power Supply
Brian Huffman
Most battery powered lap top computers require regulated
multiple output potentials. Problems associated with such a
supply include magnetic and snubber design, loop compen·
sation, short circuit protection, size and efficiency. Typical
output power requirements include 5V @1A for memory and
logic circuitry and ± 12V @300mA to drive the analog compo·
nents. Primary power may be either a 6V or 12V battery. The
circuit in Figure 1 meets all these requirements. The LT1071
simplifies the power supply design by integrating most of the
switching regulator building blocks. Also, the off·the·self
transformer eliminates all the headaches associated with the
magnetic design.

The circuit is a basic flyback regulator. The transformer trans·
fers the energy from the 12V input to the 5V and ± 12V out·
puts. Figure 2 shows the voltage (trace A) and the current
(trace B) waveforms at the Vsw pin. The Vsw output is a col·
lector of a common emitter NPN, so current flows through it
when it is low. The circuit's 40kHz repetition rate is set by the
LT1071's internal oscillator. During the Vsw (trace A) "on"
time, the input voltage is applied across the primary winding.
Notice that the current in the primary (trace C) rises slowly as

II ""PULSE ENGINEERING, INC. 'PE·65108
PULSE ENGINEERING, INC.
P.O. BOX 12235
SAN DIEGO, CA 92112
PHONE: 619-268-2400

* = 1% FILM RESISTOR

the magnetic field builds up. The magnetic field in the core
induces a voltage on the secondary windings. This voltage is
proportional to the input voltage times the turns ratio.
However, no power is transferred to the outputs because the
catch diodes are all reversed biased. The energy is stored in
the magnetic field. The amount of energy stored in the mag·
netic field is a function of the current level, how long the cur·
rent flows, the primary inductance and the core material.
When the switch is turned "off" energy is no longer trans·
ferred to the core, causing the magnetic field to collapse. The
voltage on the transformer windings is proportional to time·
rate·of·change of the magnetic field. Hence, the collapsing
magnetic field causes the voltages on the windings to
change. Now the catch diodes are forward biased and the
energy is transferred to the outputs. Trace D is the voltage
seen on the 5V secondary and trace E is the current flowing
through it. The energy transfer is controlled by the LT1071's
internal error amplifier, which acts to force the feedback (FB)
pin to a 1.24V reference. The error amplifiers high impedance
output 01c pin) uses an RC damper for stable loop compensa·
tion.lf a 6V input is desired, use just one primary winding and
an LT1070.

B=2A/DIV

C=2AlOIV

D=lDV/DIV

E::4A/DIV
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Figure 3. Multi·Output, Transformer Coupled Low Quiescent Current
Converter

This is not an ideal transformer so not all the energy is
coupled into the secondary. The energy left in the primary
winding causes the overvoltage spike seen on the Vsw pin
(trace F). This phenomenon is modeled by a leakage induc·
tance term placed in series with the primary winding. When
the switch is turned "off" current continues to flow in the in·
ductor, causing the snubber diode to conduct (trace G). The
snubber network clamps the voltage spike, preventing exces·
sive voltage at the LT1071'sVsw pin. When the snubber diode
current reaches zero, the Vsw pin voltage settles to a poten·
tial related to the turns ratio, output voltage and input
voltage.

Post regulators are needed on the unregulated outputs if the
cross regulation error is too great. Such error can be as much
as 20% depending upon output loading conditions. Note that
the floating secondaries allow a -12V output to be obtained
with a positive voltage regulator. The isolation allows the in·
put of the regulator to float above ground. The LT1086posi·
tive voltage regulators maintain both positive and negative
outputs within 1%.

If battery capacity is limited by size or weight this circuits
9mA quiescent current may be too high. Figure 3's modifi·
cation offers output current in the ampere range with only
microamps of quiescent drain. Further information about this
circuit can be found in LTC Application Note AN29 "Some
Thoughts on DC·DCConverters," page 8.

By using standard magnetics and a simplified switching
regulator the design time needed to implement this power
supply is greatly reduced. Although these circuits demon·
strated a flyback topology, the LT1070/LT10711LT1072can
easily handle other configurations including buck, boost, for·
ward and inverting. Examples are given in LTC Application
Notes; AN19 "LT1070 Design Manual," AN25 "Switching
Regulators for Poets," and AN29 "Some Thoughts on DC·DC
Converters. "

For literature on Switching Regulators, caIlSOO·637·
5545. For applications help, call (408) 432·1900, Ext. 361.
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A Two Wire Isolated and Powered 10-BitData Acquisition System
Guy Hoover and William Rempfer
Introduction
For reasons of safety or to eliminate error producing ground
loops, it is often necessary to provide electrical isolation be·
tween measurement points and the microprocessor. Unfortu·
nately, the isolated side of this measurement system must
still be provided with power. One alternative is to power the
isolated side of the circuit with batteries. This solution works
if power consumption is low, environmental conditions are
mild and the batteries are easily accessible. If these condi·
tions are not met a separate isolated supply may be con·
structed. This can be both difficult and expensive. This
design note describes a transformer isolated system in
which one small pulse transformer provides both power and
a data path.

The circuit of Figure 1 is a 10·bil data acquisition system with
700V of isolation. The circuit takes advantage of the serial ar·
chitecture of the LTC1092 which allows data and power to be
transmitted using only one transformer. A 10·bil conversion
can be completed and the data transferred to the microproc·
essor in 100jls. Using standard ribbon cable the isolated side
of this circuit has been remotely located as much as 50 feet
from the transformer without affecting circuit performance.

Circuit Description
In Figure 1, a 4jls wide CS pulse clears the 74HC164 shift
registers which will hold the Dour word of the LTC1092.Addi·
tionally, the CS signal sends a 15V pulse through the trans·
former which charges the 1jlf capacitor. The CS pulse width
must be in the 2-6jls range for the transformer shown, a small
Pulse Engineering model. A pulse more than 6jls will saturate
the transformer while a pulse width of less than 2jls will not
transfer enough energy through the transformer to keep the
isolated supply from drooping during the conversion. The CS
pulse can be generated with software or hardware. The
LT1021·5 produces a regulated 5V at its output once the 1jlf
capacitor is charged to approximately 7.2V. The LT1021·5
regulated output powers the isolated side of the circuit. Ini·
tially several CS pulses may be required to charge the 1jlf
capacitor to 7.2V. Once charged however, only one CS pulse

per cycle is required to keep the isolated supply from droop·
ing as long as the cycle is repeated every 100jls. The 15V CS
signal is also attenuated and delayed. This signal is used to
reset the clock circuit and begin the conversion of the
LTC1092. The delay is required to allow the transformer fly·
back to die out before transmitting the Dour word of the
LTC1092 across it.

The clock circuit is a simple oscillator that is gated by a com·
bination of the CS signal and the 74HC161 counter so that for
each CS signal the clock circuit generates 12 pulses and then
is gated off. These 12 pulses are used to perform the AID con·
version and shift the Dour word of the LTC1092 into the
74HC164 shift registers where the data can be acquired by
the microprocessor.

The Dour serial data of the LTC1092 is encoded with the
clock, differentiated and sent across the transformer. The
encoding circuitry pulse width modulates the LTC1092 out·
put. The encoding circuitry uses two one shots to combine
the data and the clock. For each negative going clock edge a
positive pulse is produced at the output of the encoding cir·
cuitry. A wide pulse at the output of the encoding circuitry
represents a logical 1 and a narrow pulse represents a logical
o as shown in the timing diagram of Figure 2. The schottky
diodes on the output of the 74HC04 capacitor driver are to
protect the driver from damage caused by the initial 15V
pulse and the resulting flyback.

The differentiated spikes from the transformer are "inte·
grated" by the schmitt inverters and the 74HC74. Again,
schottky diodes as well as current limiting resistors are used
to protect the gates from transformer excursions beyond the
supplies at their inputs. The encoded data is decoded by one
half of the 74HC221 which reconstructs the clock. The
74HC164s convert the data to parallel format.

The 10kll pull·up resistor forces the output of the LTC1092
high when the AID is in the high impedance state. When the
AID output becomes active a start bit (logic 0) is cloc\\ed out.



· ~~- ~.. ~~._.. _ _-
data in 100/lS.The isolated portion of the circuit can be re-
motely located up to 50 feet away using ordinary ribbon
cable. Possible applications for this circuit are PC-based
measurement systems, medical instrumentation, automotive
or industrial control loops and other areas where ground
loops or large common mode voltages are present.

microprocessor.

Summary

The LTC1092with its simple serial interface is ideally suited
for this transformer isolation application. It requires only two
isolated lines to transmit 10 bits of data. Additionally, during

'PUlSEENGINEER1NG, INC.
P.O. BOX 12235
7250 CONVOY COURT
SAN OIEGO, CA 92112

OWl

ENCOOED
OUTPUT

For literature on AID family products, call8QO.637·5545.
For applications help, call (408) 432·1900, Ext. 361.
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Hex Level Shift Shrinks Board Space
Brian Huffman

Although simple in concept, interfacing digital levels be-
tween different logic families usually requires many parts
and appreciable board space. Other applications that require
some form of level shifting of the output swing have solu-
tions just as complicated. A logic to CMOS analog switch
(Figure 1) is just one example where a level shift must occur.
A new device, the LTC1045,solves this and other level shift
related problems conveniently. The LTC1045 is a hex level
translator with a linear comparator on the front end. A latch
and three-state output buffer are at the back. These features
make it useful in other applications as a hex comparator or in
interfacing to a data bus. Almost any input and output volt·
age requirements can be accommodated by simply setting
the level of the appropriate power supply voltages.

The LTC1045 consists of six high speed comparators with
output latches and three·state capability (see Figure 2). Each
comparator's non·inverting input is brought out separately.
The inverting inputs of comparators 1-4 are tied to VTRIP1
and 5-6 are tied to VTRIP2.With these inputs the switching
point of the comparators can be set anywhere within the

TTLICMOS
INPUT

(Vcc~5V)

common-mode range of V- to (V+ - 2V). There are four
power supply pins on the LTC1045:V+, V-, VOHand VOL.V+
and V- power the comparator's front end, and VOH and VOL
power the output drivers. Almost any combination of power
supply voltages can be used. There are three restrictions:
VOHmust be less than or equal to V+; there must be a mini·
mum differential voltage of 4.5V between V+ and V- and 3V
between VOH and VOL. The maximum voltage between any
two pins must not exceed the 18Vabsolute maximum.

The supply current is programmed with an external resistor.
The RSET resistor allows trade·offs between speed and
power consumption. The propagation delay, with the ISETpin
at V- and a single 5V supply, is typically 100ns with a total
supply current of 4.5mA. The quiescent current can be
brought down to 100llA (15 microamps per comparator) with
an RSETof 1M and a propagation delay of only 1.2I1s.In addi·
tion, the ISETpin completely shuts off power and latches the
translator output voltages. The DISABLE input sets the six
outputs to a high impedance state allowing the LTC1045to
be interfaced to a data bus.

CMOS ANALOG
SWITCH
(C04016 FOR
EXAMPLE)



Figure 3 shows a simple way to build a battery powered
RS232 receiver. The input voltage may be driven ± 30V with·
out adverse effects because the 100k resistor prevents de·
vice damage. With' a 1M RSETthe hex RS232 line receiver
draws only 100~ of quiescent current and has a propagation
delay of 1.2)ls.Only a single supply is needed for operation.

Board space can be saved by using the LTC1045level transla·
tor as a hex comparator - even though both comparator in·
puts are not available. Figure 4 shows the LTC1045used as a

power supply monitor. The outputs of three power supplies
are tied to the positive inputs through an appropriate resis·
tive voltage divider. The divider ratio is set so that the voltage
into the comparator equals the reference on the inverting in·
put when the power supply voltage is at a critical level.

.".
Figure 3. RS232 Receiver
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For literature on the LTC1045, call 800-637·5545.
For applications help, call (408)432·1900, Ext. 361.
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Floating Input Extends Regulator Capabilities
Brian Huffman

Many applications require circuit performance that is un·
achievable with conventional regulator design. This results
in added complexity to the circuit. However, some problems
can easily be solved by floating the input to the regulator. A
floating input can either be a battery, or a secondary winding
that is galvanically isolated from all other windings. With this
method high efficiency negative voltage regulation, high volt·
age regulation, and low saturation loss positive buck
switching regulator can all be achieved easily.

Low dropout negative voltage regulators are not currently
available. This would seem to preclude high efficiency nega·
tive linear regulators. Such regulation is frequently desired in

switching supply post regulators; however, if the secondary
windings are isolated from one another, a low dropout posi-
tive voltage regulator can be used for negative regulation
(Figure 1).

In this circuit the LT1086 servos the voltage between the
output and the adjust pin to 1.25V.The positive regulation is
accomplished by conventional regulator design. Negative
voltage regulation is achieved by connecting the output of
the positive voltage regulator to ground. The VIN pin floats to
1.5V or greater, above ground. This technique can be used
with any positive voltage regulator, although highest effi·
ciency occurs with low dropout types.



Another example where floating a linear regulator can be
useful is shown in Figure 2. In this case high voltage regula·
tion can be handled if split secondary windings are available.
This allows the regulators to be connected in series. Neither
regulator exceeds its maximum differential voltage even un·
der short circuit conditions.

High current positive buck switching regulators can have
excessive saturation losses since most switches are Darling·
tons. As much as 2V can be dropped across a Darlington or
composite PNP switching transistor. However, efficiency can
be increased and power dissipation requirements greatly reo
duced if the input is allowed to float (Figure 3).

The circuit in Figure 3 uses an LT1070 to perform a buck
conversion. The m070 is a current mode switching
regulator. The Vsw pin output is a collector of a common
emitter NPN, so current flows through it when it is low. The
40kHz repetition rate is set by the LT1070's internal
oscillator. When the Vsw pin is "on," current flows through
the load, the inductor, and into the Vsw pin. During this time
a magnetic field is built up in the inductor. When the switch
in turned "off," the magnetic field collapses dumping energy
into the load through 01. The input of the switching regulator
floats to a potential set by the output.

Vour VOUT
5V-45V

MOA2Dl Rl
l0011

:J
lN4DD2

R2
2k lO"F
lW

2k R3

MOA201

lN4002

36011 2k lO"F
5W lW

VOUT=2(1.25V(R2IRl +2)) R4
IF R3=R4. IADJ=D

Figure 2. High Voltage Regulation '::'

- = 1% FILM RESISTORS
MBR360 = MOTOROLA

Ll = PULSE ENGINEERING #PE·92113

For literature on our complete regulator line, call (800)
637-5545. For applications help, call (408)432-1900,
Ext. 453.
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New 12-Bit Data Acquisition Systems Communicate with
Microprocessors Over 4 Wires

As board space and semiconductor package pins become
mote valuable, serial data transfer methods between micro·
processors (MPUs) and their peripherals become more and
more attractive. Not only does this save lines in the transmis·
sion medium, but, because of the savings in package pins,
more function can be packed into both the MPU and the pe·
ripheral. Users are increasingly able to take advantage of
these savings as more MPU manufacturers develop serial
ports for their products[1-3]. However, peripherals which are
able to communicate with these MPUs must be available in
order for users to take full advantage. Also, MPU serial for·
mats are not standardized so not all peripherals can talk to
all MPUs.

The LTC1290 Family

A new family of 12·bit data acquisition circuits has been
developed to communicate over just 4 wires to the recently
developed MPU synchronous serial formats as well as to
MPUs which do not have serial ports. These circuits feature
software configurable analog circuitry including analog
multiplexers, sample and holds, bipolar and unipolar conver·
sion modes and the ability to shut power completely off. They
also have serial ports which can be software configured to
communicate with virtually any MPU. Even the lowest grade
device features guaranteed ± 0.5LSB linearity over the full
operating temperature range. Reduced span operation,
accuracy over a wide temperature range and low power sin.
gle supply operation make it possible to locate these circuits
near remote sensors and transmit digital data back through
noisy media to the MPU. Figure 1 shows a typical hookup of
the LTC1290 , the :irst member of this data acquisition
family. For more detail, refer to the LTC1290data sheet.

Included are eight analog inputs which can common·mode to
both supply rails. Each can be configured for unipolar or
bipolar conversions and for single·ended or differential in.
puts by sending a data input (DIN)word from the MPU to the
LTC1290(Figure 1).

Both the power supplies are bypassed to analog ground. The
V- supply allows the device to operate with inputs which
swing below ground. In single supply applications it can be
tied to ground.

The span of the AID converter is set by the reference inputs
which, in this case, are driven by a 2.5V LT1009 which gives
an LSB step size of 0.61mY. However, any reference voltage
within the power supply range can be used.

The 4 wire serial interface consists of an active low chip se·
lect pin (CS),a shift clock (SCLK) for synchronizing the data
bits, a data input (DIN) and a data output (DOUT).Data is
transmitted and received simultaneously (full duplex), mini·
mizing the transfer time required.

The external ACLK input controls the conversion rate and
can be tied to SCLK as in Figure 1. Alternatively, it can be de·
rived from the MPU system clock (e.g., the 8051 ALE pin) or
run asynchronously. When the ACLK pin is driven at 4MHz,
the conversion time is 13/1s.

ClIO

CHI INTEL 8051

CH2 Pl.3

8 CH3 Pl.2
ANALOG
INPUTS Pl.1

Pl4

'::" DIN WORD SENT FROM 8051 TO LTC1090

! rUXArORES} ~
-sv ANALOG

CONFIGURATION

Figure 1. A Typical Hookup of the LTC1290

Advantages of Serial Communications

The LTC1290can be located near the sensors and serial data
can be transmitted back from remote locations through isola·
tion barriers or through noisy media ..
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Figure 2. Several LTC1290s Sharing One 3 Wire Serial Interface

Using fewer pins for communication makes it possible to
pack more function into a smaller package. LTC1290 family
members are complete systems being offered in packages
ranging from 20 pins to 8 pins (e.g., LTC1291, 1292, 1293,
1294).

Speed is Usually Limited by the MPU

A perceived disadvantage of the serial approach is speed.
However, the LTC1290 can transfer a 12·bit AID result in 6Jls
when clocked at its maximum rate of 2MHz. With the mini·
mum conversion time of 13Jls,throughput rates of 50kHz are
possible. In practice, the serial transfer rate is usually lim·
ited by the MPU, not the LTC1290. Even so, throughput rates
of 20kHz are not uncommon when serial port MPUs are used.
For MPUs without serial ports, the transfer time is somewhat
longer because the serial signals are generated with soft·
ware. For example, with the Intel 8051 running at 12MHz, a
complete transfer takes 96Jls.This makes possible through·
put rates of approximately 10kHz.

Talking to Serial Port MPUs

By accommodating a wide variety of transfer protocols, the
LTC1290 is able to talk directly to almost all synchronous
serial formats. The last 3 bits of the LTC1290 data input (DIN)
word define the serial format and power shutdown (see Fig·
ure 3). The MSBF bit determines the sequence in which the
AID conversion result is sent to the processor (MSB or LSB
first). Figure 4 shows several popular serial formats and the
appropriate DIN word for each. Typically a complete data
transfer cycle takes only about 151ines of processor code.

Wl1 WL2 Output Word Length

0 0 8Bits

0 1 Power Shut Down

1 0 128its

1 1 18 Bits

Talking to MPUs without Serial Ports

The LTC1290 talks to serial port processors but works
equally well with MPUs which do not have serial ports. In
these cases, CS, SCLK and DIN are generated with software
on 3 port lines. DOUTis read on a fourth. Figure 4 shows the
appropriate DIN word for communicating with MPU parallel
ports. Figure 1 shows a 4 wire interface to the popular Intel
8051. A complete transfer takes only 33 lines of code.

Sharing the Serial Interface

No matter what processor is used, the serial port can be shared
by several LTCl290s or other peripherals (see Figure 2).A sepa·
rate CS line for each peripheral determines which is being
addressed.

Conclusions

The LTC1290 family provides data acquisition systems which
communicate via a simple 4 wire serial interface to virtually
any microprocessor. By eliminating the parallel data bus they
are able to provide more function in smaller packages, right
down to 8 pin DIPs. Because of the serial approach, remote
location of the AID circuitry is possible and digital transmis·
sion through noisy media or isolation boundaries is made
easier without a great loss in speed.

National MICROWIRE' MSB First 12 Bits X
MICROWIREJPLUS'}

MSB First 16 Bits X
Motorola SPI

Hitachi Synchronous SCI }
LSB First 16 Bits X

TI TMS70005erial Port
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Micropower, Single Supply Applications:
(1)A Self-Biased, Buffered Reference
(2) Megaohm Input Impedance Difference Amplifier

WaltJung
George Erdi

A Self·Biased, Buffered Reference

Voltage reference circuits are common to precision analog
designs, in a wide variety of forms. They can be either two or
three terminal in basic configuration, and mayor may not
also provide buffering against line andlor load immunity. Mi·
cropower analog circuits are growing in both fashion as well
as performance, and micropower voltage references have
been available. However, it is not often that a micropower
reference combines common features of very low DC errors,
and linelload buffering. The circuit of Figure 1 is an unusual
form of reference circuit, in that it achieves these goals.

2.45V (TYP)

7

RC [FilTER

The leading virtue of this circuit lies in how it capitalizes on
some key operating features for all of the devices used. First,
the LT1034,a 1.2V two terminal reference diode allows basic
low TC micropower operation, by virtue of its low minimum
current requirement of only 20JLA. Normally, such a diode
would be fed with a simple source resistor to V + , to maintain
the bias current plus the load current. This standard shunt
regulator type of use is unbuffered, so for higher load cur·
rents, the micropower aspect is lost. It can also be sensitive
to line voltage changes.

When the LT117Bop amp enters the picture, a "free" and con·
stant bias current source is available - the30pA quiescent
supplycurrentof the op ampitself! To allow the op amp to
self·bias as well as voltage-buffer the reference diode, the op
amp used must have both input and output swings which in·
elude the amplifiers V - pin potential. In the case here, this
potential is nominally 1.2V above ground, by virtue of the
reference diode's terminal voltage. More precisely, this will
be 1.225V ± 15mV,at the diode cathode. The overall TC of the
circuit is essentially that of the LT1034 reference, or 20ppml
°C (maximum for "B" grade).

With an op amp such as the LT117B,whose input and output
swing does include the negative rail, a simple follower con·
figuration can be set up to buffer the reference voltage. R1
feeds a fi Itered version of the reference voltage to the A sec·
tion op amp's (+ ) input, which is then replicated with a low
source impedance by the DC follower of the A section. The
second op amp section is also connected to this node, and is
shown here as a precision 2X DC amplifier, providing a
buffered + 2.45V output. A.subtle biasing step is used, where



the two amplifier bias currents are combined in R1. This pro·
duces a drop of a few mV above the 1.225V,so as to set up
the output stage of the A section in a more linear region. The
output bleed resistor R2 also helps this biasing, by pulling a
constant 0.6/lA from the output of this stage.

Overall, the circuit's quiescent current is 30/lA, which is es·
sentially the bias current of the dual amplifier, plus the cur·
rents in R2 and R3. It can however source several mA of load
current, to external loads. For example, the "A" stage output
of 1.225V has a typical output impedance of 30/lV/mA, for cur·
rents of HlmA or less.

Note that current sinking types of loads should be used with
caution, as the sink current must necessarily flow through
the reference diode. While this can be as high as 20mA for
the diode itself, the saturation characteristics of the A stage
as used here will add some error, proportional to the current.
The circuit's greatest application advantage lies with loads
which source current, and so allow the true micropower

operation. It operates from supplies of 3V greater than the
reference voltage, in this case a battery stack of + 4V to
+ 9V.Typical line regulation is on the order of 10ppmiV.

More generally, the circuit will also function with the LT1078
op amp, a related micropower dual with a nominaI40/lA/chan·
nel quiescent current, and input/output ranges similar to the
LT1178. It also functions with the LT1004 type 1.2V or 2.5V
references, producing proportionally scaled DC outputs, with
somewhat greater drift.
If only one of the two reference outputs is needed, the mon
single op amp can be substituted for either side A or side B.
Supply current is 45/lA.

Jung, w.G./C Op Amp Cookbook, 3d Ed., Ch 4, "References"
Howard W. Sams, Indianapolis, IN 1986.

Megaohm Input Impedance Difference Amplifier

The usefulness of difference amplifiers is limited by the fact
that the input resistance is equal to the source resistance.
The picoampere offset current and low current noise of the
LT10n allows the use of 1Mil source resistors without
degradation in performance. In addition, with megaohm reo
sistors micropower operation can be maintained.

Typical performance is:

Bandwidth = 25kHz
Output Offset =O.7mV
Output Noise =80/lVpp (0.1Hz to 10Hz)

260/lV RMS over full bandwidth
Supply Current = 45/lA

1M

INPUT
OUTPUT

1M 0.005 TO 2.4V

+

-=-
10M

Although the difference amplifier operates on a single 3V bat·
tery, the input common mode range extends to 250mV below
ground with proper gain of ten amplification. As the positive
input is pulled further below ground to as low as -W, the in·
put stage saturates, but the output still stays low because
the mon is equipped with a unique phase reversal protec·
tion circuit. Using competitive single supply op amps in this
application, the output switches high.

Another interesting feature of the mon in the differential
amplifier configuration is its ability to sink current while
swinging to ground. Competitive micropower single supply
op amps need a pull down resistor at the output to sink cur·
rent, the mon does not. When the input common mode
voltage is 1.8V, the output has to sink a minuscule 0.16~.
However, competitive devices cannot sink any current, and
need a 30k resistor from output to ground to pull the output
to 5mV (5mV ",30kxO.16/lA). When the output now swings to
2.4V,80/lA will flow in the pull down resistor, completely dom·
inating the micropower current budget.

For literature on our complete micropower line,
call (800)637-5545. For applications help, call
(408) 432·1900, Ext. 445.
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Complex Data Acquisition System Uses Few Components
Richard Markell

Introduction

Sophisticated filter system designs frequently demand ex·
pensive printed circuit boards chock·full of operational am·
plifiers and precision capacitors. Digital filters require fewer
but more expensive devices and a lot of software. However,
advances in switched capacitor filters have made the design
of elegant filter systems cheaper, easier and much smaller.
The system shown in block diagram form in Figure 1 is a
good example. It is a typical system for filtering transducer
signals. Its input is a DC·to·20kHz signal; its output allows
signals to be analyzed in three frequency bands.

OUTPUT 1 r-II
I400Hz-10kHz JI I\..

BPF
400Hz 10kHz

OUTPUT 2 r-II
I10Hz-1000Hz JI I\..

BPF
10Hz 1000Hz

OUTPUT 3 r-II
I~~Z-l00HZ JI I\..

10Hz 100Hz

Figure 1. Filter System Block Diagram

Implementation

A system implemented using switched capacitor fillers is
shown in schematic form in Figure 2. This implementation
uses two LTC1064 quad switched capacitor building blocks
and one LTC1062 5th order Butterworth lowpass filter. The
system requires the use of one operational amplifier, an
moo?
Filter Design Specifications and Test Results

Filter 1 - a 4ooHz·to·10kHz bandpass filter, with passband
ripple of 1dB and passband noise of 2ooIlVRMS,Figure 3.
Filter 2 - a 10Hz·to·100Hz bandpass filter, with passband rip·
pie of 1dB and passband noise of 5OOIlVRMS,Figure 4.
Filter 3 - a 10Hz·to-1kHz bandpass filter, with passband rip·
pie of 1dB and passband noise of 390IIVRMS,Figure 5.

These wideband filters are made by cascading 4th order ellip·
tic lowpass and highpass filters. The single exception is the
5th order Butterworth lowpass filter used in the 400Hz·to·
10kHz section.

System Considerations

The LTC1064 quad switched capacitor filters used are build·
ing blocks capable of implementing up to 8th order filters.
One LTC1064 implements both a 4·pole elliptic 400Hz high·
pass filter and a 4·pole elliptic 1kHz lowpass filter. The other
LTC1064 implements a 4·pole elliptic 100Hz lowpass filter
and a 4·pole elliptic 10Hz highpass filter. The LTC1062 is a 5·
pole Butterworth lowpass filter set at 10kHz.
Resistors R11Ato RH2A implement the 400Hz elliptic high·
pass filter in Device A. The 1kHz elliptic lowpass filter in De·
vice A is implemented by Rm to R44A. Resistors R11B1to
R42Bimplement the 10Hz elliptic highpass filter in Device B.
The 100Hz elliptic lowpass filter in Device B is implemented
by Rm through R44B.The LTC1062 is hardware programmed
for 10kHz by Rsoand Cso.
The 8th order LTC1064 devices allow the use of two sections
in the 100:1clock·to·center frequency mode and two sections
in the 50:1 mode. (Resistor programming can then be used to
further extend the clock·to·center frequency range to 25:1 for
two sections and 250:1 for the other two sections.) This al·
lows decade·wide bandpass filters to be built using only one
LTC1064 at one clock frequency.

Conclusion

This is only one use of the new switched capacitor building
blocks, the LTC1064 family of quad switched capacitor fil·
ters. These filters have wide flexibility. For example, the
10Hz·to·100Hz filter could be used at 20Hz·to·2ooHz simply
by doubling the clock, which sets the filler frequency. Simi·
larly, bands of interest could be inspected by sweeping the
clock. The devices work with center lrequencies as high as
100kHz in circuits with similar simplicity.
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For literature on our complete filter line, call
(800)637·5545.For applications help, call
(408) 432-1900, Ext. 453.
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George Erdi

Instrumentation amplifier (IA) circuits abound in analog sys·
tems, in fact virtually any linear applications handbook will
show many useful variations on the concept[lJ, While this may
be somewhat bewildering to a newcomer, all the variations
have uses which are differentiated and valuable. A good
working knowledge of the alternate forms can be a powerful
tool towards designing cost·effective high performance lin·
ear ci rcu its,

A case in point is a single amplifier precision qualified high
voltage IA. This circuit must withstand very high common

~
COMMON

MODE
INPUT
±25DV

TYPICAL PERFORMANCE:
COMMON MODE REJECTION RATIO=74dB (RESISTOR LIMITED)

WITH OPTIONAL TRIM = 130dB
OUTPUT OFFSET (TRIMMABLE TO ZERO) = 500~V

OUTPUT OFFSET DRIFT ~ lO~V/'C
INPUT RESISTANCE=lM (CM)

2M (DIFF)
BANDWIOTH = 13kHz

BATTERY CURRENT ~ 370~

mode voltages at the input, yet it should still be relatively
simple, while at the same time capable of high performance.
Whereas dual summing amplifier setups can provide high in·
put·voltage qualifications, a more simple single amp solution
is often sought. An IA topology which achieves all the above
objectives is shown in Figure 1, the "Precision High Voltage
IA." The circuit employs the virtues of two key parts in per·
forming its function; the resistor array and the op amp used
with it.

1 lJOk OPTIONAL
CMRR
TRIM

Rl-R5:VISHAY 444 ACCUTRACT THIN·FILM
SIP NETWORK[II :VISHAY 444 PIN NUMBERS

VISHAY INTERTECHNOLOGY, INC.
53 LINCOLN HIGHWAY
MALVERN, PA 19355



Here, the resistor network is a precision high·voltage design
thin-film system, comprised of R1 through R6. This array, a
Vishay type 444, is a thin-film SIP with a 250V/100mW input
rating for R1-R3. This high voltage rating allows direct con·
nection to AC or DC line shunts for current monitoring, level
shifting from high voltage DC rails, and other such interfac-
ing feats normally uncommon to low voltage IC circuits. The
444 network has a basic common-mode attenuation of 50
times, thus an op amp with an input voltage range of ± 10V
would allow a theoretical range at input pins 3-7 of ± 500V.
So, devices with standard ± 15V supplies are basically com·
patible with the network operating parameters. While the net-
work has a CM attenuation of 50 times, the differential signal
scaling is nominally unity, with an error of ±0.1%. Func-
tionally then, the differential mode input signal between pins
3-7 is referred at the output of this circuit to the local ground
(pin 5 of the network), with unity gain scaling.

A second keen application point which is a large determining
factor towards the overall success of this type of IA is the
relative precision of the op amp At Indeed, this amplifier is
the second "key ingredient" towards high overall perform·
ance. Because the circuit basically amplifies the input offset
voltage of A1 by the same factor as the CM attenuation, both
the initial offset and the drift of A1 can become limitations,
as can the CMRR of the device. Here an LT1012A op amp is
used, a device with a 25/N(max} input offset voltage; the out-
put offset will then be 1.25mV or less, worst case. The overall
CMRR of the circuit has two primary sources for errors, the
basic ratio match of the network halves, and to a lesser de-
gree, the CMRR of A1. The LT1012A has a minimum CMRR of

114dB, while the network is factory trimmed to a 0.02%
match, corresponding to a 74dB CMRR. For 120dB or more
CMRR, a 50k trimmer can be substituted for R6.

While A1 is shown operating from ±9V battery supplies (a
feature possible by virtue of the 370JJAquiescent current) the
LT1012 device family can also be used on standard ± 15V
supplies, or on lower voltage supplies down to ± 1.2V (with
reduced CM range, of course). With the 9V supplies shown,
input ranges of ± 250V or more to the circuit will not tax the
network.

For single battery applications (i.e. when pin 4 is grounded),
the LT1012A should be replaced by a single supply op amp
such as the LT1006or the LT10n These devices can handle
about -250mV of negative common mode voltage, while
maintaining accuracy. Therefore, the 250V positive common
mode range is unchanged, but the negative common mode
range is reduced to -12V.

Using an LT1006,bandwidth and battery current are basically
unchanged. With the LT1077micropower op amp, battery cur·
rent is reduced to 45JJAbut at the expense of bandwidth
(= 4.5kHz). Offset voltage and drift specifications are de-
graded by approximately a factor of two using the LT1006or
the LT1077compared to the LT1012A.

1. Jung, W.G./C Op Amp Cookbook, 3d Ed., Ch 7, "Amplifier
Techniques," Howard W. Sams, Indianapolis, IN 1986.

For literature on our instrumentation amplifiers
and precision op amps call {SOO}637·5545. For
applications help, call (408) 432·1900, Ext. 456.
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Guy Hoover
William Rempfer

Introduction

Many AID converters exhibit low offset errors with large full
scale voltages. However, when the full scale voltage is de·
creased the Vas, expressed in LSBs, increases. An AID con·
verter with 0.5 LSB of offset with a 5V full scale voltage can
have 12.5 LSBs of offset with a 200mV full scale voltage. With
the LTC1090family of data acquisition systems and a few ex·
ternal components it is now possible to reduce the Vas to
only 0.25 LSB even with only a 200mV full scale voltage. This
allows a user to digitize signals from low voltage transducers
without the need for a gain stage.

SEVEN
INPUTS

Vos<50.V

LTC 1090

CH1 cs
CH2 SCLK

CH3 O'N

CH4

CH5 Dour

CH6

CH7

REF+

CHO COM
REF-

470k
-5V

'="

200mV

Rl
102k

Circuit Description

The LTC1090is a 10·bit data acquisition system with an eight
channel multiplexer. The channel to be read is software se·
lectable and all channels can be referred to the COM pin. In
the circuit of Figure 1, CHOis used to servo the COM pin giv·
ing the user a seven channel, offset corrected data acquisi·
tion system.

Figure 2 shows how the processor servos the COM pin to
eliminate the AID offset. CHOis set to a 0.5 LSB voltage. The
COM pin is servoed (by the pulse width modulated signal on



port C2) so that the CHOreading dithers between 0 and 1 LSB.
The 1Q0llF filters the PWM signal at the COM pin. Motorola
MC68HC05 code is available from LTCto correct the LTC1090
offset and read the remaining seven channels. This algorithm

DUMMY READ
CHO WILL BE

READ NEXT TIME

READ CHO
CHX WILL BE

READ NEXT TIME

will work in either unipolar or bipolar mode. (Unipolar is
shown. For bipolar the 49.90 resistor is changed to 1Q00and
the decision block is changed to "CHO$O?".)

After initializing the processor, the code sends a DIN word to
the LTC1090 requesting CHOto be read with respect to COM.
The next DIN word that is sent will set up the AID for the de·
sired channel to be read while the CHO data previously reo
quested is shifted into the processor. If the CHO DOUTis 0
then C2 is cleared. If the CHO DOUTis greater than 0 then C2
is set. Another DIN word requesting CHOdata is sent and the
DOUTdata from the previously requested channel is read into
the processor.

As can be seen from the LTC1090 data sheet the linearity
and full scale errors with a 200mV full scale voltage are still
within 0.5 LSB. To fully take advantage of the reduced offset
of the auto·zero circuit the noise of the LTC1090 must be reo
duced. This can be done by averaging the data with the
processor. Figure 3 shows a dynamic cross plot of the output
data near half·scale after 64 averages. The top trace is the B9
transition of the LTC1090 while the bottom trace is a binary
weighted summation of BO and B1. The horizontal scale is
1 LSB per major division. The averaged noise is much less
than 1 LSB.

Figure 3. Dynamic Cross Plot Shows Excellent LTC1090 Performance
with Only 200mV Full Scale

For literature on our complete AID line, call (800)
637·5545. For applications help, call (408) 432·1900,
Ext. 445.
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Design Considerations for RS-232 Interfaces
Sean Gold

Introduction

When designing an RS·232 interface, it is necessary to con·
form to standards published by the Electronics Industry
Association, EIA RS·232.Y28.Some key specifications are
summarized in Table 1. However, the EIA specifications are
often just the beginning of the design. Practical problems
such as generating RS·232signal levels, providing sufficient
load drive, and ensuring protection against fault conditions
must also be considered.

SPECIFICATION
Signal Levels
Cable Length
Load Capacitance
Cable Termination
Data Rate
Slew Rate
Fault Conditions

VALUE
±15Max; ±5Min
50 Max
2500 Max
3k<R<7k
20k Max
3<SR<30
Drivers Must Tolerate:

• Conductor to Conductor
Shorts

• Line Open Circuit
• ± 25V Line Overvoltage

The charge pump consists of a relaxation oscillator, a capaci·
tive voltage doubler, and a capacitive voltage inverter. The os·
cillator is designed to operate at a frequency well above the
signal frequencies to avoid supply degradation as charge is
rapidly removed from the storage capacitors.
The LT1180/LT1181'scharge pump oscillator operates at ap·
proximately 200kHz, which is two times the frequency of the
LT1080 and LT1130series transceivers. The faster oscillator
permits the use of low value capacitors (C>0.1jlF), and
shortens the turn·on time from power off or SHUTDOWN
state to less than 200jls. The LT1080 and LT1130start up in
approximately 2ms.
Load Driving

UNITS
V

Ft
It is often desirable to exceed the 20kHz data rate or drive

p~ loads greater than 2500pF,e.g. long cables. Slew rate control
Baud in the drivers makes this objective possible without com pro·
V/~s mising the remaining specifications. When lightly loaded, the

slew rate is set by an internal bias current and compensation
_ capacitor. When heavily loaded, slew rate is limited by the

output stage short circuit current and the load capacitance.
- The plot in Figure 1 shows the maximum load capacitance
- for a given data rate.

Power Supply Generators

Creating the separate RS·232 voltage levels is a common
problem in systems which have only a 5V logic supply. Linear
Technology has developed a family of transceivers that in·
clude an on·chip charge pump to generate the RS·232 sup·
plies. These transceivers are available in a wide variety of
configurations incorporating up to 5 drivers and 5 receivers.
Some transceivers have a SHUTDOWN control which turns
off the charge pump and places the drivers in a "zero"
power-high impedance state.

~ 5.4
~ 5.2

~ 5.0

~ 4.8

aa 4.6

~ 4.4

64.2
~ 4.0

~ 3.8

9 3.6
~ 3.4

~ 32
,. 3.0

20

~~
I

Ln080

\
'\ \

\
\ \

\
'-\ •.••....

40 60 so
fREQUENCY (kHz)

Figure 1. Max Load Capacitance vs Data Rate. Both Transceivers Use
1.0JlFStorage Capacitors.
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Fault Conditions

In addition to protecting against all of the fault conditions de-
scribed in Table 1, LTC transceivers are guaranteed for
latchup free operation. When the drivers are turned off or
SHUTDOWN, the output stage becomes a high impedance;
even when the output is pulled beyond the supply rails. The
small current produced by overvoltage is not directed back
into the supplies. High impedance on the driver outputs also
eliminates signal feedthrough between the logic inputs and
the RS-232lines.

When the device is turned on, overvoltage can, at most, pull
the limited short circuit current from the supplies. The re-
ceivers are also short circuit current limited to prevent dam·
age to unprotected logic circuitry.

Isolated Transceiver

The most frequent cause of failure in interface chips is expo-
sure to extreme fault conditions. Protection against large
differences in ground potential, high ground loop currents,
or accidental high voltage connections mandates a fully
isolated transceiver.

The circuit in Figure 2 provides 2500V isolation with optically
coupled data lines and an isolated 5V supply. A powered

transceiver eliminates the need for three supplies on both
sides of the isolation transformer. High speed 6N136 opto-
couplers permit the LT1130to operate at its full 100kHz band-
width. However, slower, less expensive optoisolators, such as
the 4N28, may be used when the data rate is less than 20k
baud. The 5V power supply is generated with an isolated
m072 switching regulator. The LT1072has no electrical con-
nection to the load; instead, the circuit derives its feedback
from the transformers f1yback voltage. This technique is of-
ten referred to as an isolated flyback regulator'. The regula-
tor needs to deliver only modest current levels (200mA max),
allowing a physically small isolation transformer. The circuit
accepts 3.5V to 15V unregulated inputs which are readily
available in most systems. Load regulation is 5% over a
200mA range of output current (50mA-250mA), and efficiency
reaches 60% under maximum load conditions. Efficiency
may be improved by 10% if the 3.6kll snubber resistor is reo
placed with a 30V Zener diode. 01 provides shutdown
control, which disables the interface to a low power state.

For literature on RS-232 products, call (800) 637·5545.
For applications help, call (408) 432-1900, Ext. 453.
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Introduction

The Boyle, et al.1,SPICE macromodel for op amps has proven
to be quite useful for fast and efficient computer-based IC
circuit analysis, used within its limitations. Critics of this
type of model point out that it is not optimum for precise tran-
sient analysis of amplifiers using complex compensation. On
the other hand, the Boyle macromodel may have little match
in terms of the computational speed and performance it can
achieve, plus how quickly it can be implemented. These
virtues are particularly true for lower frequency op amps, or
where DC performance parameters are more important.

The Boyle model can be set up to give realistic and quite
reasonable working approximations to a variety of IC op
amps which use various types of differential transconduc·
tance pair front ends. Two fundamental advantages of this
model are the relative simplicity and the simulation speed
(particularly when a minimum number of junctions are used).
Further, the prudent use of the appropriate transistors at the
input can simulate real input offset voltage and bias current
effects, as well as such IC-unique features as input com-
mon-mode clamping2, making the overall model much more
realistic and akin to real-world ICs. While the original Boyle
paper used an. NPN bipolar input example (the 741), the
topology of the macromodel is also readily adaptable to PNP
bipolars as well as JFETs, as design options.

The LT1012

The LT1012 op amp is a popular "universal" high per-
formance internally compensated precision op amp, avail·
able in a variety of electrical grades and packages. It uses a

rather unique input stage, comprised of a bias current com·
pensated Super·Beta NPN differential pair. This allows the
desirably low drift of an NPN pair to be realized, but with typo
ical bias currents of only 30pA, due to the use of both the
Super-Beta process and bias current cancellation. Impor-
tantly, the low bias currents are not achieved at the expense
of poor drift and high voltage noise, as the lT1012 (C grade)
accomplishes a 1JlV/oCMax. drift, and a 14nV/Hz112 Typ. volt-
age noise.

The l T1012 has recently been broadened in terms of per·
formance grades, with the addition of a premium "lT1012A"
grade part, featuring 25JlVMax. Vas, 0.6JlV/oCMax. drift, and
500JlAMax. supply current. The added "l T1012D" part has a
140JlVMax. Vas, a 1.7JlV/oCMax. drift, and an 800JJAMax.
supply current. All device grades have the unusual combina-
tion of performance characteristics which allow use as a
low-voltage (± 1.2V), low supply current micropower op amp
as well as a full ± 20V supply range general purpose part.
The lT1012 actually exceeds the performance of the industry
standard OP-07,doing so at 1120the bias/offset currents, and
1/8of the supply current.

The LT1012 Macromodel

While all of the above may be interesting enough to a de-
signer, how the model imitates the real part is more so. The
lT1012 macromodellisted in Figure 1 has a number of fea-
tures worthy of mention. Note that it is based on the lT1012C
room temperature typical specs, taken from the data sheet.



vas, the input offset voltage of the input pair, is modeled by
using two slightly different NPN transistor models, qm1 and
qm2. The ratio of their two saturation currents will produce
an offset voltage, which is:

Vas = KT/q In{ls1/1s2)

With the ratio as shown, this produces the typical 1O,N offset
for the LT1012C.

Bias and offset currents are modeled by using a different Bf
for the two input pair halves, as:

Bf1 = Ic1/1b1and Bf2 = Ic2llb2

The Bf values shown for qm1 and qm2 are those which corre-
spond to Ib = 30pA; los = 20pA. While the gains listed are
enormously high (even for Super-Beta transistors) this is not
a problem for SPICE, so bias currents inthe range of a typical
LT1012C are produced.

Other additions to the generic Boyle macromodel are the
optional input diode clamps, ddm1 and ddm2, as in the real
part {they can be deleted, if not used}. The substitution of a
current source, Ip, in the place of the Rp of the original model
simulates quiescent power supply current. The LT1012, like

* Linear Technology LTI012 op amp lllOdel (with calls for LTI024)
* Written: 08-17-1989 10:16:25 Type: Bipolar npn input, internal compo
*" Typical specs:
* Vos-l.OE-OS, Io.3.0E-l1, Ios-2.0E-l1, GBP-6.0E+05Hz, Phase mar.'" 70 deg,
* SR(+)"'2.0E-OIV/us, SR(-)-1.9E-OIV/us, /J"v", 126 dB, CMMR" 132 dB,
• V$lIt(+) •. 1 v, Vsat(-l- 1 V, Isc-+/- 12.5 IIA, lq- 380 uA
: (input ditterential mode clalllp active)

* Connections: + - v+v-o
.subckt LTI012 :I 2 7 4 6
•. input
reI 7 80 8.842£+03
rc2 7 90 8.842£+03
q1 80 2 10 qml
q2 90:1 11 qm2
ddllli 2 3 dm2
ddm2 3 2 dm2
cl 80 90 5.460£-12
ret 10 12 2.246£+02
re2 11 12 2.246£+02
iee 12 4 6.000£-06
re 12 0 3.333£+07
ce 12 0 1.579E-12
'" intoe:rmediate
gem 0 a 12 0 2. a41E-ll
ga a 0 ao 90 1.131E-04
r2 a 0 1.000E+05
e2 1 8 3. OOOE-ll
gb 1 0 a 0 1. 960E+02
'" output
roll 6 1.000E+02
ro2 1 0 9. OOOE+02
re 17 0 1.063E-04
ge 0 17 6 0 9.408E+03
dl 1 17 dIal
d2 17 1 dllll
d3 6 13 dJlI2
d4 14 6 dm2
ve 7 13 1.785E+00
ve 14 4 1.7a5E+OO
ip 7 4 3.740E-04
dsub 4 7 dn2
'" models
.model qml npn (is-a .OOOE-l6 bt-7. 500E+04)
.JIIodel qJlI2 npn (is ••a.003E-l6 bf-1.500E+05)
. model dml d (is"'l.l79E-l9)
.model dm2 d (is-a.OOOE-l6)
.ends LTlOl2

many modern day ICs, has a quiescent supply current which
is quite constant with supply voltage, thus Ip is more appro-
priate than a fixed resistor.

The remaining specifications modeled are shown at the head
of the listing, consistent with the LT1012C. The model can
also be used for the LT1024 (dual LT1012), if the "x" call is
added at the end as shown. A sample small signal pulse re-
sponse waveform of the model is shown in Figure 2, which
can be compared to the similar condition scope photo, from
the LT1012 data sheet (pg. 7).

60mVt-------------+--------------+-------------+-c-----------+-------------r

40mv+

20mvt

0."

-2OmVt
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Obtaining This Macromodel

This model can be entered onto a given computer type simply
by typing it in (very carefully!) using an ASCII text editor. Op-
tionally, interested readers may contact LTC at the address or
phone number below, for a copy of a PC data disc containing
the most recent collection of macromodels (including this
model and all those previously released) .

For literature on the LT1012 op amp, or a 5 %"
macromodel disk, call (800)637·5545. For
applications help, call (40B) 432-1900, Ext. 456.
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A Single Supply RS232 Interface for Bipolar A to D Converters
Sean Gold
Designing circuitry for single supply operation is often an at·
tractive simplification for reducing production costs. Yet
many applications call for just a few additional supplies to
solve simple interface problems. The example presented here
describes how an advanced RS232 interface can simplify an
A to D converter which processes bipolar signals.

The LT1180RS232 transceiver includes a charge pump which
produces low ripple supplies with sufficient surplus current
to drive a CMOS A to D converter and precision voltage refer·
ence. The circuit in Figure 1 operates from a single 5V supply,
and draws a total quiescent current of only 37mA. These fea·
tures make the circuit ideal for applications which must proc·
ess bipolar signals with minimal support electronics.

The LTC1094serial A to D converter requires both a low noise
supply and reference voltage for accurate operation.1 These
design problems are solved with an LT1021 precision refer·
ence, which delivers a stable, low noise, 5V signal from the
LT1180'sV+ output. Relatively large storage and filter capaci·
tors must be used with the LT1180to reduce the noise in the
system below 1mV for a 12 bit system. Construction also reo

quires close attention to the layout of the system grounds
and other aspects of circuit board design to avoid noise
problems.2

To accommodate bipolar inputs (- 5<VIN<5j, the LTC1094's
negative rail must be biased beyond the extreme signal
swing, but below absolute maximum ratings for the supplies.
A 5.6V Zener diode, D1, provides a sufficient bias because
the V- pin draws very little current.

The A to D converter communicates with a remote controller
via three wires, which carry the clock, the con.!!guration word,
and the output data. The chip select signal, CS, is generated
from the incoming clock with a peak detector, constructed
~h a single PNP transistor. Rand C are designed to hold the
CS pin low for at least one clock period. Assuming the logic

Nole 1: Refer 10 Ihe dala sheets for Ihe LTC10941LTC1294.
Nole 2: An excellenl reference on Ihe subjecl of grounding and low
noise circuil design is: "An IC Amplifier User's Guide 10 Decoupling,
Grounding, and Making Things Go Right for A Change," by Paul
Brokaw, Analog Devices Application Note.

ANAlOG [INPUTS.'v
RANGE

v = CLEAN ANALOG GROUND

AT • LOGIC GROUND

NOTE I: 1011DCURRENT LIMIT RESISTORS CAN BE REMOVED IF THE INPUTS ARE GUARANTEED
NOT TO EXCEED THE LT1094'S SUPPlY VOLTAGES.
~TE 2: DRIVER OUTPUTS CAN BE PARALLEL FOR GAEATER CURRENT DRIVE.
NOTE 3. SEleCT RC_4T ClOCK. M\NIM1Zi: C



threshold in the LTC1094 is 1.4V, two useful rules of thumb
for selecting Rand C are: Design RC to be at least four times
the clock period. And select C as small as possible to start
the converter quickly. Minor aberrations in the CS signal are
unimportant because the CS pin is level sensitive. The PNP is
biased from the clean reference supply so very little noise is
coupled into the A to D. Additional buffers are unnecessary
because the peak detector drives a CMOS input.

The operating sequence for the LTC1094is shown in Figure 2.
The CS signal switches to a low state less than 11lsafter
receiving the system clock, and the configuration word may
be transmitted after one clock cycle. After the 18clock cycles
required to complete the conversion, the clock must shut off

to allow CS to switch to a high state for at least 21ls - the
minimum time between conversions. The operating se·
quence may then be repeated.

A single conversion cycle is shown in Figure 3. The LT1180's
maximum data rate limits the clock speed to 100k baud. The
input voltage is 3.33V which generates a bit pattern of al·
ternating 1's and O's. Trace B shows the Chip Select signal,
and Trace C shows the gating pulse for the system clock. The
complete conversion cycle for a 12·bit converter using an
LTC1294 is listed in Figure 4. For this example, the gating
signals are adjusted to allow for the two extra bits of data.3

Note 3: The LTC1094 in Figure 1 was directly replaced with an
LTC1294, with no changes to the circuit.

I Icvt--------------:=J __
csl~ ~/

.1 ,~~-------

r-- /
------ -

, • S IO~,;

lT11!V'ORIVER
OUTPUT

ov

CS INPUT

ov

ov GATING SIGNAL FOR
THE$Y$TEM CLOCK

ALL TRACES 5V/DIV

----

~_ ..._---"

---~ ~, ~ ,~"'~

For literature on RS232 products, call (800) 637·5545.
For applications help, call (408) 432·1900, Ext. 456.
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Sean Gold

The LT1180/81 RS232 transceivers with on·chip charge
pumps offer some unique features that greatly enhance
serial interface performance. Like the LT1080 and LT1130
series transceivers, the LT1180 is fully compliant with all
RS232specifications. The LT1180 is unique since it utilizes a
charge pump which oscillates at 150kHz to 200kHz - about
twice the frequency of the standard transceivers. In addition
to providing excellent current delivery capability, the high
speed charge pump can operate with storage capacitors as
small as O.1JlF.

Reducing storage capacitor size to O.1JlF shrinks board
space, thereby lowering production costs. Small capacitors
also shorten the transceiver turn·on time to less than 2ooJls,
which makes the LT1180 ideal for applications which must
address the RS232 transceiver quickly. The interface de·

scribed here takes advantage of fast turn·on to reduce power
dissipation.

The circuit shown in Figure 1 automatically shuts down when
there is no data flow through the interface. A data stream on
either the RS232or logic inputs activates the transceiver. The
data must begin with a logic 1 preamble, and the data stream
must contain a sufficient number of 1's to keep the trans·
ceiver active. The preamble may be as short as 50Jls. AI·
ternatively, the input to the Automatic SHUTDOWN circuit
could be an RS232 handshake signal, such as Data Set
Ready (DSR)or Clear to Send (CTS),which remain high during
the data transfer. The LT1180's 200Jlsturn·on delay does not
limit the data rate in the transceiver. Once the LT1180 is ac·
tive, it can process data at the maximum WOkbaud data rate.

6
7

O.',F TR20UT 8;:J; REC21N 9

LT1180 15

'4
13
12
11
10

NOTE 1: SELECT RC BASED ON CLOCK SPEED AND REQUIRED DROPOUT TIME.
T= RC.2'TOROPOUT. FOR THIS EXAMPLE, R= 'OOKOANDC= ',F.
C SHOULD NOT EXCEED ',F UNLESS THE 2N3904 CURRENT LIMITED
WITH A COLLECTOR RESISTOR.



A peak detector senses data flow. The extra CMOS gates are Figures 2 through 4 demonstrate the automatic SHUTDOWN
buffers which ensure the lime constant is relatively indepen· control's response to logic and RS232signals, as well as zero
dent of input signal level. The drop out time, i.e. the duration data flow. The minimum pulse width is 50/ls and the drop out
of inactivity prior to SHUTDOWN, is approximately 0.5RC. time is set to 50ms. The power supply outputs - the lower
More specifically, drop out occurs when the voltage on the two traces in Figures 2 and 3 - become active in less than
peak detector decays from Vcc - O.7V to the logic switch 200/ls. When active, the circuit consumes 16mA of quiescient
point of Vccl2. The RS232 input to the control circuit is current. In SHUTDOWN state, the Q·current drops to 50/IA.
clamped to protect the logic inputs. The zener diode, D3,
forces the turn-on threshold on the RS232 side to - 3.5V,
which prevents the transceiver from turning on when the ca·
ble is grounded.

SHUTDOWN
CONTROL

v+

Figure 2. Transceiver Turn·On Via
Logic Input

Figure 3. Transceiver Turn·On Via
Receiver Input

SHUTDOWN
CONTROL

5V/DIV

Figure 4. SHUTDOWN Alter SOms
Without Data Transmission

For literature on our interface products, call
(800)637·5545.For help with an application, call
(408) 432-1900, Ext. 445.
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Isolated Power Supplies for Local Area Networks
Sean Gold

Introduction

Local Area Networks such as Ethernet™ or CheapernetTM, re-
quire low cost isolated power supplies with modest line and
load regulation. Table 1 summarizes the objective design
specifications based on IEEE 802.3 and ECMA 200-V. The
Ln072 high efficiency switching regulator can be used in
isolated flyback mode to satisfy these requirements with
minimal support circuitry.l

Table 1. Power Supply Specifications lor Figure 1

PARAMETER VALUE COMMENTS
VOUT -9V Ethernet 11.4V< V1N< 12.6V

Cheapernet 4.55V < VIN <5.45V
Ripple Vn<10mVp·p
ILOAo 150mA 40mA Min, 250mA Max
Load Reg 5%
Line Reg 5%
Efficiency e>70%
Isolation 3000V Ethernet

500V Cheapernet

Circuit Design

Figure 1 illustrates the design approach. In isolated f1yback
mode, the LT1072 has no electrical connection to the load;
instead, the regulator obtains a feedback signal from the
transformers flyback voltage during the switch off·time. The
voltage sense occurs after a 1.5/1sdelay, which prevents the
internal error amplifier from regulating the voltage spike due
to transformer leakage inductance. The LT1072compares the
feedback signal with a reference voltage, which is set at the
feedback pin with a resistor to ground. The primary voltage is
regulated to 16V+ (VFs/RFS)7k. The feedback pin voltage
VFS, clamps to about 400mV, and the term (VFslRFS)7k is
nominally set to 2V,making the total flyback voltage 18V.The
circuit is programmed for - 9V output by setting the trans-
former turns ratio to 2 to 1. The feedback resistor RFS, in-
cludes a 5000 trim to take into account variations in the
clamp voltage and gain within the LT1072.

Note1: LTC's Application Note 19, the m070 Design Manual, pre·
sents a detailed discussion of isolated flyback mode and general
information on switching regulator design.

L1 = PE-65342 (CHEAPERNET), L1 = PE-65329 (ETHERNET)
L2 = 77F180K J'w. MILLER RF CHOKE
01 = lN5936
02= MUR120
03= lN5819
36<Rl <2250

'TRIM FOR - 9V OUTPUT* = SYSTEM GROUND
m = FLOATING COMMON



A snubber network consisting of a fast turn·on, high break·
down diode and a 36V Zener diode, limits the magnitude of
the leakage inductance spike. This snubber configuration im·
proves efficiency because it minimizes the duration of the
inductance spike. A Schottky diode in the secondary reduces
the voltage loss to the output and increases efficiency.

Specifications for power supply filters are application depen·
dent. When noise levels of 150mV are tolerable, a single
100ILFtantalum capacitor is a suitable supply filter. When
output noise below 10mV is required, the use of large output
capacitors is often impractical. An LC filter is an appropriate
recourse. The optional LC filter in Figure 1 contains an RF
choke L2, and tantalum filter capacitors C1 and C2. These
components have low effective series resistance (ESR)which
helps maintain 5% load regulation.

Figure 2 shows the voltage on the switch pin, trace A, and the
current flowing through the inductor, trace B. Trace C is a
magnified view of trace A, which more clearly shows regula·
tion of the primary voltage after the switch off·time. Figure 3
shows the voltage and current noise at the output.
Transformer Design

The circuit design for 12V to -9V (Ethernet) and 5V to -9V
(Cheapernet) circuits are identical except for the transformer
specifications. Both circuits develop a regulated 18V primary
voltage, but the available input voltage determines the reo
quired primary inductance.

LpRI- VIN
(al) (f) (1+ VINNpRI)

= 5V
(O.3A)(40kHz) (1+ 5/18)

Where,
al = Magnetizing Current

f =Switching Frequency
VIN = Input Voltage

VPRI= Primary Voltage

insulation. The transformers used in both applications are
shown in Figure 4. The PE·65329for Ethernet (right) achieves
3700V isolation, while the PE·65342for Cheap~rnet (left) pro·
vides 500V isolation.2 These transformers are constructed
with low loss core material and low resistance wire, to further
improve efficiency.

Ethernet requires a larger primary inductance than Cheaper·
net, which implies a larger transformer. Increased isolation
also mandates a larger core to accommodate additional r-F-o-r a-d-d-iti-o-na-l-Iit-e-ra-tu-re-o-n-s-w-it-ch-i-ng-r-eg-u-Ia-t-or-s,---'

-------------- call (800)637·5545. For applications help, call
Note 2: A 500V version of the Ethernet transformer (PE-65330) is avail· (408) 432-1900, Ext. 445.
able in the 0.5 inch package in Figure 4.
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6VIN
MTP50N05EL 0.0020 (1.5' #23 WIRE)

(TYP. 5.04V -7.2V) D S 5VOUT
+

12V T47PF

\ I
1.5k 1N4148 EOS= 6mV

12V SEE TEXT

-=

COLLECTOR ATop

lT1431 REF

Jim Williams

Linear voltage regulators with low dropout characteristics
are a frequent requirement, particularly in battery powered
applications. It is desirable to maintain regulation until the
battery is almost entirely depleted. Regulator dropout limits
significantly impact useful battery life, and as such should
be minimized. Figure 1 shows dropout characteristics for a
monolithic regulator, the LT1085. The < 1.5V dropout per-
formance is about twice as good as standard monolithic reg-
ulators. In many cases this device will serve nicely, but
applications requiring lower dropout mandate a different
approach.

Figure 2's simple regulator has only 85mV dropout at 2.5A -
a 13x improvement. At lower currents dropout decreases to
vanishingly small values. This circuit is particularly applica-
ble in battery driven lap top computers, where multi-output

lT1085--~--
FIGYRE2

o
o 1 2 3

OUTPUT CURRENT (A)

Figure 1. Dropout Performance lor a Low Dropout
Monolithic Regulator vs Figure 2

power supplies are used. In operation, the LT1431 shunt
regulator adjusts its output ("collector") to whatever value is
required to force circuit output to 5V. The LT1431's internal
trimming eliminates the usual feedback resistors and trim-
pots. Q1, the pass element, runs as a voltage overdriven
source follower. This configuration offers the lowest possible
dropout voltage,' although it does require a + 12V bias
source for Q1's gate. This + 12Vsource is commonly present
in lap top computers and similar devices because of disc
drive and peripheral power requirements. Power drain on the
+ 12Vsupply is a few milliamperes.

•A detailed discussion of various methods for achieving low dropout
appears as Appendix A (" Achieving Low Dropout") in LTCApplication
Note 32, "High Efficiency Linear Regulators."



Providing short circuit protection without introducing signif·
icant loss requires care. A1 achieves this by sensing across a
O.002!l shunt (1.50 of #23 wire). This introduces only 6mV of
drop at the circuits 3A current limit threshold. A 6mV current
limit trip point is derived by grounding A1's offset pin 5. The
6mV input offset generated at A1 by doing this is stable over
time, temperature and unit·unit variation, and substitutions
for A1 are not advisable. Currents beyond 3A cause A1 to pu II
low, stealing Q1's gate drive and shutting off the regulators
output. Under overload conditions A1 and Q1 form a well con·
trolled linear current control loop with smooth limiting.
Figure 3 details dropout characteristics. Results for the
MTP50N05EL MOSFET specified for Q1 show only 85mV
dropout, decreasing to just 8mV at O.25A. For comparison,
data for some higher resistance transistors also appears.

Q1's source follower connection makes regulator dynamics
quite good compared to common source/emitter approaches.
Figure 4 shows no load (Trace A low) to full load (Trace A high)
response. Regulator output (Trace B) dips only 200mV and
recovers quickly with clean damping. The positive slew recov·
ery time is due to the 1.5k!l bias resistor acting against Q1's

75

50
25
o o 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

OUTPUT CURRENT (A)

Figure 3. Dropout Characteristics for Figure 2. 01 's
Saturation Directly Influences Performance.

B = 100mV/DIV

C=0.5V
(AC COUPLED)

Figure 4. Transient Response for a Full Load Step. Follower
Connection Provides Clean Dynamics.

input capacitance (Trace C is Q1's gate). Quicker response is
possible by a reduction in this value, although current drain
from the + 12V supply will increase. The value used repre·
sents a good compromise. Transient recovery for load reo
moval is also well controlled.

This regulator offers a simple solution to applications requir·
ing extremely low dropout over a range of output currents.
The performance, low parts count and lack of trimming make
it an attractive alternative to other approaches. For
reference, pertinent information on construction of wire
shunts appears in Figures 5 and 6.

WIRE GAUGE /,O/INCH
10 83
11 100
12 130
13 160
14 210
15 265
16 335
17 421
18 530
19 670
20 890
21 1000
22 1300
23 1700
24 2100
25 2700

LENGTH DETERMINES

MAJOR r SHUNT VALUE 1MAJOR
CURRENT_ CURRENT_

FLOW FLOW

LOW RESISTANCE WIRE-r--r
SENSE SENSE
POINT POINT
WIRE WIRE

PRINTED
CIRCUIT

VERSION

U
ENSE

POINT
TRACE

o

J SENSE
POINT
TRACE

o

For literature on low dropout regulators, call
(800)637·5545.For applications help, call
(408) 432·1900, Ext. 445.
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* Linear Technology LM101A op amp model
* Written: 08-23-1989 15:55:44 Type: Bipolar npn input, external compo
* Typical specs:
* Vos=7.0E-04, Ib=3.0E-08, Ios=1.5E-09, GBP=9.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=5.0E-01V/us, SR(-)=4.8E-01V/us, Av= 104 dB, CMMR= 96 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-30.0mA, Iq= 1800uA
*
* Connections: + - v+v-o CaCb
.subckt LM101A 3 2 7 4 6 1 8 ; Use C=30 pF in main circuit (Ca to Cb) .
* input
rc1 7 80 5.895E+03
rc2 7 90 5.895E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
c1 80 90 5.460E-12
re1 10 12 2.438E+03
re2 11 12 2.438E+03
iee 12 4 1.506E-05
re 12 0 1.328E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.689E-09
ga 8 0 80 90 1.696E-04
r2 8 0 1.000E+05
* external camp cap used for c2 (see note above) .
gb 1 0 8 0 1.401E+02
* output
ra1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qml npn
.model qm2 npn
.model dml d
.madel dm2 d
.ends LM101A
*

3.333E+01
6.667E+01
4.758E-05
6 0 2.102E+04
dm1
dm1
dm2
dm2
1.808E+00
1.808E+00
1.785E-03
dm2

(is=8.000E-16 bf=2.439E+02)
(is=8.220E-16 bf=2.564E+02)
(is=3.337E-15)
(is=8.000E-16)
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* Linear Technology LMl07 op amp model
* Written: 08-23-1989 15:53:34 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=7.0E-04, Ib=3.0E-08, Ios=I.5E-09, GBP=9.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=5.0E-OIV/us, SR(-)=4.8E-OIV/us, Av= 104 dB, CMMR= 96 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-30.0mA, Iq= 1800uA
*
* Connections: + - v+v-o
.subckt LMI07 3 2 7 4 6
* input
rcl 7 80 5.895E+03
rc2 7 90 5.895E+03
ql 80 2 10 qml
q2 90 3 11 qm2
cl 80 90 5.460E-12
reI 10 12 2.438E+03
re2 11 12 2.438E+03
iee 12 4 1.506E-05
re 12 0 1.328E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.689E-09
ga 8 0 80 90 1.696E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-ll
gb 1 0 8 0 1.401E+02
* output
rol 1 6
ro2 1 0
rc 17 0
gc 0 17
dl 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qml npn
.model qm2 npn
.model dml d
.model dm2 d
.ends LMI07

3.333E+Ol
6.667E+Ol
4.758E-05
6 0 2.102E+04
dml
dml
dm2
dm2
1.808E+00
1.808E+00
1.785E-03

dm2

(is=8.000E-16 bf=2.439E+02)
(is=8.220E-16 bf=2.564E+02)
(is=3.337E-15)
(is=8.000E-16)
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* Linear Technology LMI08 op amp model (with calls for LH2108)
* Written: 08-23-1989 15:42:36 Type: Bipolar npn input, external compo
* Typical specs:
* Vos=7.0E-04, Ib=5.0E-IO, Ios=5.0E-ll, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-OIV/us, SR(-)=1.9E-OIV/us, Av= 110 dB, CMMR= 100 dB,
* Vsat(+)=l.OOV, Vsat(-)=l.OOV, Isc=+/- 6.0mA, Iq= 300uA
* (input differential mode clamp active)
** Connections: + - V+V-O CaCb
.subckt LMI08 3 2 7 4 6 1 8 ; Use C=30 pF in main circuit (Ca to Cb) .
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
ddm1 2 3 dm2
ddm2 3 2 dm2
c1 80 90 5.460E-12
re1 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.001E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 1.131E-09
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
* external comp cap used for c2 (see note above) .
gb 1 0 8 0 3.146E+01
* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7

1.111E+02
8.889E+02
3.533E-04
6 0 2.830E+03
dm1
dm1
dm2
dm2
1.766E+00
1.766E+00
2.940E-04
dm2

* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LM108

(is=8.000E-16 bf=5.714E+03)
(is=8.220E-16 bf=6.316E+03)
(is=1.192E-10)
(is=8.000E-16)

.subckt LH2108 3 2 7 4 6 1 8
x_LH2108 3 2 7 4 6 1 8 LM108
.ends LH2108
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* Linear Technology LM108A op amp model (with calls for LH2108A)
* Written: 08-23-1989 15:40:03 Type: Bipolar npn input, external compo
* Typical specs:
* vos=3.0E-04, Ib=5.0E-10, Ios=5.0E-11, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-01V/us, SR(-)=1.9E-01V/us, Av= 110 dB, CMMR= 110 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/- 6.0mA, Iq= 300uA
* (input differential mode clamp active)
*
* connections: + - v+v-o CaCb
.subckt LM108A 3 2 7 4 6 1 8 ; Use C=30 pF in main
* input
rcl 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
ddm1 2 3 dm2
ddm2 3 2 dm2
cl 80 90 5.460E-12
reI 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.001E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 3.576E-10
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
* external comp cap used for c2 (see note above) .
gb 1 0 8 0 3.146E+01
* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7

1.111E+02
8.889E+02'
3.533E-04
6 0 2.830E+03
dm1
dm1
dm2
dm2
1. 766E+00
1. 766E+00
2.940E-04

dm2

* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LM108A

(is=8.000E-16 bf=5.714E+03)
(is=8.093E-16 bf=6.316E+03)
(is=1.192E-10)
(is=8.000E-16)

.subckt LH2108A 3 2 7 4 6 1 8
x LH2108A 3 2 7 4 6 1 8 LM108A
.ends LH2108A
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* Linear Technology LMl18 op amp model
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LMl18 data sheet, LTC 1990 databook p2-313
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*
* Connections:
.subckt LMl18
* input
rc1 7 80
rc2 7 90
q1 80 2
q2 90 3

+ - v+v-o
32746

7.074E+02
7.074E+02
10 qm1
11 qm1

*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.6473
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.6473
rnla 60 4 1e4
rnlb 141 4 1e5
*

c1
rxc1
cxc1
c2 1
*

80 91 300e-12
91 90 1e3
91 90 15e-12

8 5.000E-12

rb1 2 102 1.0000E+00
rb2 3 103 1.0000E+00
ddm1 102 104 dm2
vz1 104 103 5.5
ddm2 103 105 dm2
vz2 105 102 5.5
re1 10 12 6.209E+02
re2 11 12 6.209E+02
iee 12 4 6.000E-04
re 12 0 3.332E+05
ce 12 0 2.632E-13
*
gcm 0 8 12 0 1.414E-08
ga 8 0 80 90 1.414E-03
r2 8 0 1.000E+05
gb 1 0 8 0 5.318E+01
ro2 1 0 7.4000E+01
*
rs 1 6 1
ecl 18 0 1 6 3.172e+01
gcl 0 8 20 0 1
rcl 20 0 1e3
d1 18 20 dm1
d2 20 18 dm1

.L7UD~

ip 7 4 4.400E-03
dsub 4 7 dm2
* models
.model qm1 npn (is=8.0000E-16
bf=2.4390E+03)
.model qm2 npn (is=8.6435E-16
bf=2.5641E+03)
*
.model dm1 d
.mode1 dm2 d
.model dm3 d
.ends LMl18
*

(is=1.000e-19)
(is=8.000E-16)
(is=1.000e-20)
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* Linear Technology LM308 op amp model
* Written: 08-23-1989 15:46:51 Type: Bipolar npn input, external compo
* Typical specs:
* Vos=2.0E-03, Ib=1.5E-09, Ios=2.0E-10, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-01V/us, SR(-)=1.9E-01V/us, Av= 110 dB, CMMR= 100 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/- 6.0mA, Iq= 300uA
* (input differential mode clamp active)
*
* Connections: + - V+V-O CaCb
.subckt LM308 3 2 7 4 6 1 8 ; Use C=30 pF in main circuit (Ca to Cb) .
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
ddm1 2 3 dm2
ddm2 3 2 dm2
c1 80 90 5.460E-12
reI 10 12 2.245E+02
re2 11 12 2.245E+02
iee 12 4 6.003E-06
re 12 0 3.332E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 1.131E-09
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
* external comp cap used for c2 (see note above).
gb 1 0 8 0 3.146E+01
* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LM308

1.111E+02
8.889E+02
3.533E-04
6 0 2.830E+03
dm1
dm1
dm2
dm2
1.766E+00
1.766E+00
2.940E-04

dm2

(is=8.000E-16 bf=1.875E+03)
(is=8.643E-16 bf=2.143E+03)
(is=1.192E-10)
(is=8.000E-16)
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* Linear Technology LM308A op amp model
* Written: 08-23-1989 15:45:03 Type: Bipolar npn input, external camp.
* Typical specs:
* Vos=3.0E-04, Ib=1.5E-09, Ios=2.0E-10, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-01V/us, SR(-)=1.9E-01V/us, Av= 110 dB, CMMR= 110 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/- 6.0mA, Iq= 300uA
* (input differential mode clamp active)
*
* Connections: + - V+V-O CaCb
.subckt LM308A 3 2 7 4 6 1 8 ; Use C=30 pF in main circuit (Ca to Cb) .
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
ddm1 2 3 dm2
ddm2 3 2 dm2
c1 80 90 5.460E-12
re1 10 12 2.245E+02
re2 11 12 2.245E+02
iee 12 4 6.003E-06
re 12 0 3.332E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 3.576E-10
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05

cap used for c2 (see note above).
3.146E+01

* external comp
gb 1 0 8 0
* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LM308A

1.111E+02
8.889E+02
3.533E-04
6 0 2.830E+03
dm1
dm1
dm2
dm2
1.766E+00
1.766E+00
2.940E-04
dm2

(is=8.000E-16 bf=1.875E+03)
(is=8.093E-16 bf=2.143E+03)
(is=1.192E-10)
(is=8.000E-16)
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* Linear Technology LTIOOI op amp model (with calls for LTI002)
* Written: 10-16-1989 15:04:20 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=1.80E-05, Ib=7.00E-IO, Ios=4.00E-10, GBP=8.0E+05Hz, Phase mar.=60.0deg,
* SR(+)=3.3E-OIV/us, SR(-)=3.1E-01V/us, Av=118dB, CMMR=126dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-25.0mA, Iq=1600uA
* (input differential mode clamp active)
*
* Connections: + - V+V-O
.subckt LT1001 3 2 7 4 6
* input
rc1 7 80 6.631E+03
rc2 7 90 6.631E+03
q1 80 102 10 qm1
q2 90 103 11 qm2
rb1 2 102 5.000E+02
rb2 3 103 5.000E+02
ddm1 102 104 dm2
ddm3 104 103 dm2
ddm2 103 105 dm2
ddm4 105 102 dm2
c1 80 90 8.660E-12
re1 10 12 1.409E+03
re2 11 12 1.409E+03
iee 12 4 9.901E-06
re 12 0 2.020E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 7.558E-11
ga 8 0 80 90 1.508E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-11
gb 1 0 8 0 1.538E+03
* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7

* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LT1001

(is=8.000E-16 bf=5.500E+03)
(is=8.006E-16 bf=9.900E+03)
(is=2.331E-08)
(is=8.000E-16)

.subckt LT1002 3 2 7 4 6
x LT1002 3 2 7 4 6 LT1001
.ends LT1002

2.575E+01
3.425E+01
4.228E-06
6 0 2.365E+05
dm1
dm1
dm2
dm2
1.803E+00
1.803E+00
1. 590E-03

dm2
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* Linear Technology LT1007 op amp model
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LT1007 data sheet, LTC 1990 databook p2-57
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*
* Connections: + - v+v-o
.subckt LT1007 3 2 7 4 6
rcl 7 80 6.6315E+02
rc2 7 90 6.6315E+02
q1 80 2 10 qm1
q2 90 3 11 qm2
*

*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.0909
rpla 7 70 1e4
rplb 7 131 le5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.0909
rnla 60 4 1e4
rnlb 141 4 1e5
*

cl 80 91 200e-12
rxcl 91 90 50
cxcl 91 90 500e-12
c2 8 98 4.000e-12
rxc2 8 98 4.00k
cxc2 1 98 27.000e-12
*
cin 3 2 5e-12
ddml 2 104 dm2
ddm3 104 3 dm2
ddm2 3 105 dm2
ddm4 105 2 dm2
reI 10 12 -2.6233E+Ol
re2 11 12 -2.6233E+Ol
iee 12 4 7.5030E-05
re 12 0 2.666E+06
ce 12 0 1.579E-12
gcm 0 8 12 0 7.558E-I0
ga 8 0 80 90 1.5080E-03
r2 8 0 1.000E+05
gb 1 0 8 0 1.9176E+03
ro2 1 0 6.900E+Ol

ip 7 4 2.625E-03
dsub 4 7 dm2
* models
.model qml npn (is=8.0000E-16
bf=I.7857E+03)
.model qm2 npn (is=8.0062E-16
bf=4.1667E+03)
.model dml d
.model dm2 d
.model dm3 d
.ends LT1007

(is=I.000e-19)
(is=8.000E-16)
(is=1.000e-20)

rs 1 6
ecl 18 0
gcl 0 8
rcl 20 0
dl 18 20
d2 20 18

1
1 6 2.828e+Ol
20 0 1
le3
dml
dml



~""II.'''''llnet\Q SPICEMACROMODELS
~, TECHNOLOGY-------

* Linear Technology LTl008 op amp model
* Written: 08-18-1989 17:38:46 Type: Bipolar npn input, external compo
* Typical specs:
* vos=3.0E-05, Ib=3.0E-ll, Ios=3.0E-ll, GBP=6.0E+05Hz, Phase mar.= 60 deg,
* SR(+)=2.0E-OIV/us, SR(-)=1.9E-OIV/us, Av= 126 dB, CMMR= 132 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/- 8.0mA, Iq= 380uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o CaCb
.subckt LTI008 3 2 7 4 6 1 8 ; Use C=30 pF in main circuit (Ca to Cb) .
* input
rcl 7 80 8.842E+03
rc2 7 90 8.842E+03
ql 80 2 10 qml
q2 90 3 11 qm2
ddml 2 3 dm2
ddm2 3 2 dm2
cl 80 90 8.660E-12
reI 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.000E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.841E-ll
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
* external comp cap used for c2 (see note above) .
gb 1 0 8 0 1.960E+02
* output
rol 1 6
ro2 1 0
rc 17 0
gc 0 17
dl 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qml npn
.model qm2 npn
.model dml d
.model dm2 d
.ends LTI008

1.000E+02
9.000E+02
6.802E-05
6 0 1.470E+04
dml
dml
dm2
dm2
1.774E+00
1.774E+00
3.740E-04

dm2

(is=8.000E-16 bf=6.667E+04)
(is=8.009E-16 bf=2.000E+05)
(is=4.276E-12)
(is=8.000E-16)
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* Linear Technology LTIOl2 op amp model (with calls for LTI024)
* Written: 09-05-1989 16:53:38 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=1.0E-05, Ib=3.0E-11, Ios=2.0E-11, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-01V/us, SR(-)=1.9E-01V/us, Av= 126 dB, CMMR= 132 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-12.5mA, Iq= 380uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o
.subckt LT1012 3 2 7 4 6
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 2 10 qm1
q2 90 3 11 qm2
ddm1 2 3 dm2
ddm2 3 2 dm2
c1 80 90 5.460E-12
re1 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.000E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.841E-ll
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-ll
gb 1 0 8 0 1.960E+02
* output
ro1 1 6 1.0OOE+02
ro2 1 0 9.000E+02
rc 17 0 1.063E-04
gc 0 17 6 0 9.408E+03
d1 1 17 dm1
d2 17 1 dm1
d3 6 13 dm2
d4 14 6 dm2
vc 7 13 1.785E+OO
ve 14 4 1.785E+00
ip 7 4 3.740E-04
dsub 4 7 dm2

* models
.model qm1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.ends LT1012

(is=8.000E-16 bf=7.500E+04)
(is=8.003E-16 bf=1.500E+05)
(is=1.179E-19)
(is=8.000E-16)

.subckt LT1024 3 2 7 4 6
x LT1024 3 2 7 4 6 LT1012
.ends LT1024
*
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* This more complete macromodel has been adapted from the Parts
* generated LT1013/LT1014 model. This version features closer
* fidelity to the real part, with input common-mode clamping, and
* compensated output clamping_ It can be used for large signal
* and/or single supply applications, where the inputs can
* potentially be overdriven. Since it uses more active devices,
* it may run more slowly than will a conventional macromodel.

non-inverting input
I inverting input
I I positive power supply
I I I negative power supply
I I I I output
I I I I I
1 2 3 4 5

c1 11 12 8.661E-12
c2 6 7 30.00E-12
de 8 53 dx
de 54 8 dx
dip 90 91 dx
din 92 90 dx
dp 4 3 dx
egnd 99 0 po1y(2) (3,0) (4,0) 0 .5
fb 7 99 poly (5) vb vc ve vIp vln
ga 6 0 11 12 113.1E-6
gem 0 6 10 99225.7E-12
iee 3 10 de 12.03E-6
h1im 90 o vlim 1K
q1 11 102 13 qx
q2 12 101 14 qx
rb1 2 102 400
rb2 1 101 400
dcm1 105 102 dx
dcrn2 105 101 dx
verne 105 4 de 0.4
r2 6 9 100.0E3
reI 4 11 8.841E3
rc2 4 12 8.841E3
reI 13 10 4.519E3
re2 14 10 4.519E3
ree 10 99 16.63E6
ro1 8 5 80
ro2 7 99 25
ip 3 4 328E-6
vb 9 o de 0
vc 3 53 de 1. 610
ve 54 4 de .61
vlim 7 8 de 0
vip 91 o de 25
v1n 0 92 de 25

.mode 1 dx D(Is~800.0E-18)

.model qx PNP(Is~800.0E-18 Bf~400)

.ends

non-inverting input
I inverting input
I I positive power supply
I I I negative power supply
I I I I output
I I I I I
1 2 3 4 5

non-inverting input
I inverting input
I I positive power supply
I I I negative power supply
I I I I output
I I I I I
1 2 3 4 5

12 ..L7~
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* Linear Technology LTI028 op amp model
* Written: 11-28-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LTI028 data sheet, LTC 1990 databook p2-161
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*

cl 80 91 750e-12
rxcl 91 90 50
cxcl 91 90 400e-12
c2 1 98 30.000E-12
rxc2 98 8 lk
cxc2 98 8 10.000E-12
*
cin 2 3 15e-12
rin 2 3 2e4
ddml 2 104 dm2
ddm3 104 3 dm2
ddm2 3 105 dm2
ddm4 105 2 dm2
reI 10 12 -4.4157E+Ol
re2 11 12 -4.4157E+Ol
iee 12 4 4.5006E-04
re 12 0 4.4439E+05
ce 12 0 1.5789E-12
gcm 0 8 12 0 7.0854E-09
ga 8 0 80 90 1.4137E-02
r2 8 0 1.0000E+05
gb 1 0 8 0 2.6731E+02
ro2 1 0 7.9000E+Ol

*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.6394
rpla 7 70 le4
rplb 7 131 le5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.6394
rnla 60 4 le4
rnlb 141 4 le5
*

* Connections: + - v+v-o
.subckt LTI028 3 2 7 4 6
reI 7 80 7.0736E+Ol
re2 7 90 7.0736E+Ol
ql 80 2 10 qml
q2 90 3 11 qm2
*

ip 7 4 7.450E-03
dsub 4 7 dm2
* models
.model qml npn
.model qm2 npn
.model dml d
.model dm2 d
.model dm3 d
.ends LTI028

(is=8.0000E-16
(is=8.0062E-16
(is=1.000e-19)
(is=8.000E-16)
(is=1.000e-20)

bf=5.7692E+03)
bf=1.0714E+04)

rs 1 6
ecl 18 0
gel 0 8
reI 20 0
dl 18 20
d2 20 18

1
1 6 2.7910e+Ol
20 0 1
le3
dml
dml
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* Linear Technology LT1037 op amp model
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LT1037 data sheet, LTC 1990 databook p2-57
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*
* Connections: + - v+v-o
.subckt LT1037 3 2 7 4 6
rc1 7 80 6.6315E+02
rc2 7 90 6.6315E+02
q1 80 2 10 qrn1
q2 90 3 11 qrn2
*

rs 1 6
ecl 18 0
gcl 0 8
rcl 20 0
d1 18 20
d2 20 18

1
1 6 2.828e+01
20 0 1
1e3
dm1
dm1

c1
rxc1
cxc1
c2
rxc2
cxc2
*
cin

80 91 200e-12
91 90 200
91 90 200e-12
8 98 1.000e-12
8 98 10.00k
1 98 5.000e-12

2 5e-12
104 dm2

3 dm2
105 dm2

2 dm2
-2.6233E+01
-2.6233E+01
7.5030E-05
2.666E+06
1.579E-12
12 0 7.558E-10
80 90 1.5080E-03
1.000E+05
8 0 1. 9176E+03
6.900E+01

d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.0909
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.0909
rnla 60 4 1e4
rn1b 141 4 1e5
*

ddm1 2
ddm3 104
ddm2 3
ddm4 105
re1 10 12
re2 11 12
iee 12 4
re 12 0
ce 12 0
gcm 0 8
ga 8 0
r2 8 0
gb 1 0
ro2 1 0

ip 7 4 2.625E-03
dsub 4 7 dm2
* models
.model qrn1 npn
.model qm2 npn
.model dm1 d
.model dm2 d
.model dm3 d
.ends LT1037

(is=8.0000E-16
(is=8.0062E-16
(is=1.000e-19)
(is=8.000E-16)
(is=1.000e-20)

bf=1.7857E+03)
bf=4.1667E+03)

14 ..L7lJD~
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* Linear Technology LTl055 op amp model
* Written: 11-30-1989 Type: PFET input, internal compo
* Typical specs:
* Ref. LTl055 data sheet, LTC 1990 databook p2-219
* Comments:
* Uses input common-mode clamp (comment out if not desired) .
*
* Connections: + - v+v-o
.subckt LT1055 3 2 7 4 6
*
rd1 4 80 9.474E+02
rd2 4 90 9.474E+02
j1 80 102 10 jm1
j2 90 103 11 jm2
rg1 2 102 2.000E+00
rg2 3 103 2.000E+00
** cm clamp
dcm1 107 103 dm4
dcm2 105 107 dm4
vcmc 105 4 4.1eO
ecmp 106 4 103 4 1
rcmp 107 106 le4
dcm3 109 102 dm4
dcm4 105 109 dm4
ecmn 108 4 102 4 1
rcmn 109 108 1e4
**
cl 80 90 1.5e-11
rs1 10 12 1eO
rs2 11 12 1eO
iss 7 12 4.200E-04
rs 12 0 4.762E+05
cs 12 0 1.579E-12
*
gcm 0 8 12 0 1.329E-08
ga 8 0 80 90 1.056E-03
r2 8 0 1.000E+05
c2 1 8 3.6e-11
gb 1 0 8 0 5.097E+01
ro2 1 0 7.400E+01
*
rso 1 6 1.000E+00
ecl 18 0 1 6 1.7l2e+01
gcl 0 8 20 0 1
rcl 20 0 1e3
d1 18 20 dm1
d2 20 18 dm1

1.7urLt/jB

*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 2.9515
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 2.9515
rnla 60 4 1e4
rn1b 141 4 1e5
*
ip 7 4 2.38e-3
dsub 4 7 dm2
* models
.model jml pjf
.model jm2 pjf
.model dm1 d
.model dm2 d
.model dm3 d
.model dm4 d
.ends LT1055

(is=10e-12 beta=1.5e-3 vto=-1.0000e+00)
(is=5e-12 beta=1.5e-3 vto=-9.9988e-01)
(is=1.000e-15)
(is=8.000E-16)
(is=1.000e-16)
(is=1. 000e-09)
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* Linear Technology LTI056 op amp model
* Written: 11-30-1989 Type: PFET input, internal compo
* Typical specs:
* Ref. LT1056 data sheet, LTC 1990 databook p2-219
* Corrunents:
* Uses input corrunon-mode clamp (corrunentout if not desired) .
*
* Connections: + - v+v-o
.subckt LT1056 3 2 7 4 6

rd1 4 80 9.474E+02
rd2 4 90 9.474E+02
j1 80 102 10 jm1
j2 90 103 11 jm2
rg1 2 102 2.000E+00
rg2 3 103 2.000E+00
** cm clamp
dcm1 107 103 dm4
dcm2 105 107 dm4
vcmc 105 4 4.1eO
ecmp 106 4 103 4 1
rcmp 107 106 1e4
dcm3 109 102 dm4
dcm4 105 109 dm4
ecmn 108 4 102 4 1
rcmn 109 108 1e4
**
c1 80 90 1.5e-11
rs1 10 12 1eO
rs2 11 12 1eO
iss 7 12 4.200E-04
rs 12 0 4.762E+05
cs 12 0 1.579E-12
*
gcm 0 8 12 0 1.329E-08
ga 8 0 80 90 1.056E-03
r2 8 0 1.000E+05
c2 1 8 3.000E-11
gb 1 0 8 0 5.097E+01
ro2 1 0 7.400E+01

*
rso 1 6 1.000E+00
ecl 18 0 1 6 1.712e+01
gcl 0 8 20 0 1
rcl 20 0 1e3
d1 18 20 dm1
d2 20 18 dm1
*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 2.9515
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 2.9515
rnla 60 4 1e4
rnlb 141 4 1e5
*
ip 7 4 4.080E-03
dsub 4 7 dm2
* models
.model jm1 pjf
.model jm2 pjf
.model dm1 d
.model dm2 d
.model dm3 d
.model dm4 d
.ends LT1056

(is=10e-12 beta=1.5e-3 vto=-1.0000e+00)
(is=5e-12 beta=1.5e-3 vto=-9.9986e-01)
(is=1.000e-15)
(is=8.000E-16)
(is=1.000e-16)
(is=1.000e-09)
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* Linear Technology LTI057 op amp model
* Written: 11-30-1989 Type: PFET input, internal compo
* Typical specs:
* Ref. LTI057 data sheet, LTC 1990 databook p2-235
* Comments:
* Uses input common-mode clamp (comment out if not desired) .
*
* Connections: + - v+v-o
.subckt LTI057 3 2 7 4 6

rdl 4 80 9.474E+02
rd2 4 90 9.474E+02
j1 80 102 10 jm1
j2 90 103 11 jm2
rg1 2 102 2.000E+00
rg2 3 103 2.000E+00
** cm clamp
dcml 107 103 dm4
dcm2 105 107 dm4
vcmc 105 4 4.1eO
ecmp 106 4 103 4 1
rcmp 107 106 le4
dcm3 109 102 dm4
dcm4 105 109 dm4
ecmn 108 4 102 4 1
rcmn 109 108 le4
**
cl 80 90 1.5e-11
rs1 10 12 1eO
rs2 11 12 1eO
iss 7 12 4.200E-04
rs 12 0 4.762E+05
cs 12 0 1.579E-12
*
gcm 0 8 12 0 1.329E-08
ga 8 0 80 90 1.056E-03
r2 8 0 1.000E+05
c2 1 8 3.3e-11
gb 1 0 8 0 5.097E+01
ro2 1 0 7.400E+Ol

*
rso 1 6 1.000E+00
ecl 18 0 1 6 2.56ge+01
gcl 0 8 20 0 1
rcl 20 0 1e3
d1 18 20 dm1
d2 20 18 dm1
*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.1515
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.1515
rnla 60 4 1e4
rnlb 141 4 1e5
*
ip 7 4 1.28e-3
dsub 4 7 dm2
* models
.model jm1 pjf
.model jm2 pjf
.model dml d
.model dm2 d
.model dm3 d
.model dm4 d
.ends LT1057

(is=10e-12 beta=1.5e-3 vto=-l.OOOOe+OO)
(is=5e-12 beta=1.5e-3 vto=-9.9978e-Ol)
(is=1.000e-15)
(is=8.000E-16)
(is=1.000e-16)
(is=1.000e-09)

.subckt LT1058 3 2 7 4 6
x LT1058 3 2 7 4 6 LTI057
.ends LTI058
*
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* Linear Technology LTI078 op amp model (with calls for LTI079, LT1077)
* Written: 10-17-1989 10:20:02 Type: Bipolar pnp input, internal compo
* Typical specs:
* Vos=4.0E-OS, Ib=6.0E-09, Ios=S.OE-11, GBP=2.0E+OSHz, Phase mar.= 60 deg,
* SR(-)=8.0E-02V/us, SR(+)=7.6E-02V/us, Av= 120 dB, CMMR= 108 dB,
* Vsat(+)=1.00V, Vsat(-)=O.OOV, Isc=+/-lS.0mA, Iq=4SuA.
* (input common mode clamp active)
* (3 for 1!)
*
* Connections: + - V+V-O
.subckt LT1078 3 2 7 4 6
* input
rc1 4 80 2.6S3E+04
rc2 4 90 2.6S3E+04
q1 80 102 10 qrn1
q2 90 103 11 qrn2
rb1 2 102 6.000E+02
rb2 3 103 6.000E+02
dcm1 105 102 dm2
dcm2 105 103 dm2
vcmc 105 4 4.000E-01
c1 80 90 8.660E-12
reI 10 12 4.9S8E+03
re2 11 12 4.9S8E+03
iee 7 12 2.412E-06
re 12 0 8.292E+07
ce 12 0 1.S79E-12
* intermediate
gcm 0 8 12 0 1.S01E-10
ga 8 0 80 90 3.770E-OS
r2 8 0 1.000E+OS
c2 1 8 3.000E-11
gb 1 0 8 0 1.396E+02
* output
roll 110 1.000E+02
ro2a 1 0 1.083E+03
ro2b 6 110 8.170E+02
ec 17 0 110 0 1
d1 1 17 dm1
d2 17 1 dm1
d3 110 13 dm2
d4 14 110 dm2
dS 6 110 dm2
d6 110 6 dm2
vc 7 13 1.790E+00
ve 14 4 7.901E-01
ip 7 4 4.2S9E-OS
dsub 4 7 dm2

* models
.model qrn1 pnp
.model qrn2 pnp
.model dm1 d
.model dm2 d
.ends LT1078

(is=8.000E-16 bf=1.992E+02)
(is=8.012E-16 bf=2.008E+02)
(is=2.119E-24)
(is=8.000E-16)

.subckt LT1079 3 2 7 4 6
x LT1079 3 2 7 4 6 LT1078
.ends LT1079
*
.subckt LT1077 3 2 7 4 6
x_LT1077 3 2 7 4 6 LT1078
.ends LTl077
*
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* Linear Technology LTI097 op amp model
* Written: 12-05-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=1.0E-05, Ib=5.0e-ll, Ios=2.0E-ll, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-OIV/us, SR(-)=1.9E-OIV/us, Av= 126 dB, CMMR= 132 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-12.5mA, Iq= 380uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o
.subckt LTI097 3 2 7 4 6
* input
rcl 7 80 8.842E+03
rc2 7 90 8.842E+03
ql 80 2 10 qml
q2 90 3 11 qm2
ddml 2 3 dm2
ddm2 3 2 dm2
cl 80 90 5.460E-12
rei 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.000E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.841E-ll
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-ll
gb 1 0 8 0 1.960E+02
* output
rol 1 6
ro2 1 0
rc 17 0
gc 0 17
dl 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qml npn
.model qm2 npn
.model dml d
.model dm2 d
.ends LTl097

1.000E+02
9.000E+02
1.063E-04
6 0 9.408E+03
dml
dml
dm2
dm2
1.785E+00
1.785E+00
3.740E-04
dm2

(is=8.000E-16 bf=5.000e+04)
(is=8.003E-16 bf=7.500e+05)
(is=1.179E-19)
(is=8.000E-16)
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* Linear Technology LTII01 instrumentation amplifier model
* Written: 10-23-89 Type: Bipolar pnp input, single supply.
* Typical specs:
* Ref. LT1101 data sheet, LTC 1990 databook p13-36

* Comments: Uses nested LT1078 model. Edit path of ".'lib" below, or
* use ".inc" function to call LT1078 model.
*
* Connections: Gnd G10a (-) v- v+ (+) GlOb Out
.subckt LT1101 1 2 3 4 5 6 7 8
*
r90a 1 2 828e3
r9a 2 100 82.8e3
ra 100 101 9.2e3
rb 101 102 9.2e3
r9b 102 7 82.8e3
r90b 7 8 828e3
*
xa 3 100 5 4 101 LT1078
xb 6 102 5 4 8 LT1078
*
rina 3 0 7e9
rinb 6 0 7e9
*
.ends LT1101
* /- edit for LT1078 path
.lib LT1078
* - - - - - * fini LT1101 * - - - - - *
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* Linear Technology LTll15 op amp model
* Written: 11-28-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LTll15 data sheet, LTC Dec 1989
* Comments:
* Uses extended phase compensation; input differential mode clamp.

* Connections: + - v+v-o
.subckt LTll15 3 2 7 4 6
rc1 7 80 7.0736E+01
rc2 7 90 7.0736E+01
q1 80 2 10 qrn1
q2 90 3 11 qrn2
*

rs 1 6
ec1 18 0
gcl 0 8
rcl 20 0
d1 18 20
d2 20 18

1
1 6 2.7910e+01
20 0 1
1e3
dm1
dm1

c1
rxc1
cxc1
c2
rxc2
cxc2
*

80 91
91 90
91 90

1 98
98

98

750e-12
50
400e-12
30.000E-12

8 1k
8 10.000E-12

cin 2 3 15e-12
rin 2 3 2e4
ddm1 2 104 dm2
ddm3 104 3 dm2
ddm2 3 105 dm2
ddm4 105 2 dm2
re1 10 12 -4.4157E+01
re2 11 12 -4.4157E+01
iee 12 4 4.5006E-04
re 12 0 4.4439E+05
ce 12 0 1.5789E-12
gcm 0 8 12 0 7.0854E-09
ga 8 0 80 90 1.4137E-02
r2 8 0 1.0000E+05
gb 1 0 8 0 2.6731E+02
ro2 1 0 7.9000E+01

d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.6394
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.6394
rn1a 60 4 1e4
rnlb 141 4 1e5
*
ip 7 4 7.450E-03
dsub 4 .7 dm2
* models
.mode1 qrn1 npn
.model qrn2 npn
.model dm1 d
.model dm2 d
.model dm3 d
.ends LTll15

(is=8.0000e-16
(is=8.0155e-16
(is=1.000e-19)
(is=8.000E-16)
(is=1.000e-20)

bf=3.4615e+03)
bf=6.4286e+03)
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* Linear Technology LTl178 op amp model (with calls for LT1179)
* Written: 11-02-1989 13:20:10 Type: Bipolar pnp input, internal compo
* Typical specs:
* Vos=4.0E-05, Ib=3.0E-09, Ios=5.0E-11, GBP=6.0E+04Hz, Phase mar.= 60 deg,
* SR(-)=2.5E-02V/us, SR(+)=2.4E-02V/us,Av= 117 dB, CMMR= 102 dB,
* Vsat(+)=1.00V, Vsat(-)=O.OOV, Isc=+/- 5.0mA, Iq=14uA.
* (input common mode clamp active)
* (2 for 1)
*
* Connections: + - v+v-o
.subckt LT1178 3 2 7 4 6
* input * output
rc1 4 80 8.842E+04 ro1 1 110 2.000E+02
rc2 4 90 8.842E+04 ro2a 1 0 2.166E+03
q1 80 102 10 qm1 ro2b 6 110 1.634E+03
q2 90 103 11 qm2 ec 17 0 110 0 1
rb1 2 102 6.000E+02 d1 1 17 dm1
rb2 3 103 6.000E+02 d2 17 1 dm1
dcm1 105 102 dm2 d3 110 13 dm2
dcm2 105 103 dm2 d4 14 110 dm2
vcmc 105 4 4.000E-01 d5 6 110 dm2
c1 80 90 8.660E-12 d6 110 6 dm2
re1 10 12 1.933E+04 vc 7 13 1.762E+00
re2 11 12 1.933E+04 ve 14 4 7:617E-01
iee 7 12 7.560E-07 ip 7 4 1.324E-05
re 12 0 2.646E+08 dsub 4 7 dm2
ce 12 0 1.579E-12 * models
* intermediate .model qm1 pnp
gcm 0 8 12 0 8.984E-11 .model qm2 pnp
ga 8 0 80 90 1.131E-05 .model dm1 d
r2 8 0 1.000E+05 .model dm2 d
c2 1 8 3.000E-11 .ends LT1178
gb 1 0 8 0 1.647E+02 *

(is=8.000E-16bf=1.240E+02)
(is=8.012E-16bf=1.261E+02)
(is=1.961E-16)
(is=8.000E-16)

.subckt LT1179 3 2 7 4 6
x_LT1179 3 2 7 4 6 LT1178
.ends LT1179
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* Linear Technology LTl18A op amp model
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. LT118A data sheet, LTC 1990 databook p2-313
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*
* Connections:
.subckt LT118A
* input
rc1 7 80
rc2 7 90
q1 80 2
q2 90 3

+ - v+v-o
32746

7.074E+02
7.074E+02
10 qm1
11 qm1

*
rs 1 6 1
ecl 18 0 1 6 3.172e+01
gcl 0 8 20 0 1
rcl 20 0 1e3
d1 18 20 dm1
d2 20 18 dm1
*

*
c1 80 91 300e-12
rxc1 91 90 1e3
cxc1 91 90 15e-12
c2 1 8 5.000E-12
*
rb1 2 102 1.0000E+00
rb2 3 103 1.0000E+00
ddm1 102 104 dm2
vz1 104 103 5.5
ddm2 103 105 dm2
vz2 105 102 5.5
re1 10 12 6.209E+02
re2 11 12 6.209E+02
iee 12 4 6.000E-04
re 12 0 3.332E+05
ce 12 0 2.632E-13
*
gcm 0 8 12 0 1.414E-08
ga 8 0 80 90 1.414E-03
r2 8 0 1.000E+05
gb 1 0 8 0 5.318E+01
ro2 1 0 7.4000E+01

d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.6473
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.6473
rnla 60 4 1e4
rnlb 141 4 1e5
*
ip 7 4 4.400E-03
dsub 4 7 dm2
* models
.model qm1 npn (is=8.0000E-l6 bf=2.4390E+03)
.model qm2 npn (is=8.1562E-16 bf=2.5641E+03)
*
.model dm1 d
.model dm2 d
.model dm3 d
.ends LT118A

(is=1.000e-19)
(is=8.000E-16)
(is=1.000e-20)
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* Linear Technology OP05 op amp model
* Written: 08-23-1989 15:59:46 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=2.0E-04, Ib=1.0E-09, Ios=1.0E-09, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=3.0E-01V/us, SR(-)=2.9E-01V/us, Av= 114 dB, CMMR= 126 dB,
* Vsat(+)=2.00V, Vsat(-)=2.00v, Isc=+/-25.0mA, Iq= 3000uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o
.subckt OP05 3 2 7 4 6
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 102 10 qrn1
q2 90 103 11 qrn2
rb1 2 102 5.000E+02
rb2 3 103 5.000E+02
ddm1 102 104 dm2
ddm3 104 103 dm2
ddm2 103 105 dm2
ddm4 105 102 dm2
c1 80 90 5.460E-12
re1 10 12 3.097E+03
re2 11 12 3.097E+03
iee 12 4 9.002E-06
re 12 0 2.222E+07
ce 12 0 1.579E-12
* intermediate

* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qrn1
.model qm2
.model dm1
.model dm2
.ends OP05gcm 0 8 12 0 5.668E-ll

ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-ll
gb 1 0 8 0 6.647E+02

3.333E+01
6.667E+01
1.393E-05
6 0 7.179E+04
dm1
dm1
dm2
dm2
2.803E+OO
2.803E+OO
2.991E-03

dm2

npn (is=8.000E-16 bf=3.000E+03)
npn (is=8.062E-16 bf=9.000E+03)
d (is=5. 991E-12)
d (is=8. 000E-16)
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* Linear Technology OP07 op amp model
* Written: 08-24-1989 12:35:59 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=3.0E-OS, Ib=1.OE-09, Ios=4.0E-10, GBP=6.OE+OSHz, Phase mar.= 70 deg,
* SR(+)=2.SE-01V/us, SR(-)=2.4E-01V/us, Av= 114 dB, CMMR= 126 dB,
* Vsat(+)=2.00V, Vsat(-)=2.00V, Isc=+/-2S.0mA, Iq=2S00uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o
.subckt OP07 3 2 7 4 6
* input
rc1 7 80 8.842E+03
rc2 7 90 8.842E+03
q1 80 102 10 qm1
q2 90 103 11 qm2
rb1 2 102 S.000E+02
rb2 3 103 S.000E+02
ddm1 102 104 dm2
ddm3 104 103 dm2
ddm2 103 105 dm2
ddm4 105 102 dm2
c1 80 90 S.460E-12
re1 10 12 1.948E+03
re2 11 12 1.948E+03
iee 12 4 7.S02E-06
re 12 0 2.666E+07
ce 12 0 1.S79E-12
* intermediate
gcm 0 8 12 0 S.668E-11
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+OS
c2 1 8 3.000E-11
gb 1 0 8 0 1.294E+03

* output
ro1 1 6
ro2 1 0
rc 17 0
gc 0 17
d1 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qm1
.model qm2
.model dm1
.model dm2
.ends OP07
*
* - -

2.S7SE+01
3.42SE+01
6.634E-06
6 0 l.S07E+OS
dm1
dm1
dm2
dm2
2.803E+00
2.803E+00
2.492E-03
dm2

npn (is=8.000E-16 bf=3.12SE+03)
npn (is=8.009E-16 bf=4.688E+03)
d (is=1.486E-08)
d (is=8. 000E-16)
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* Linear Technology OP27 op amp model (with calls for OP227)
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. OP-27 data sheet, LTC 1990 databook p2-345
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*
* Connections: + - v+v-o
.subckt OP27 3 2 7 4 6
rcl 7 80 6.63l5E+02
rc2 7 90 6.6315E+02
ql 80 2 10 qml
q2 90 3 11 qm2
*

*
d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.0909
rpla 7 70 1e4
rplb 7 131 1e5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.0909
rnla 60 4 1e4
rnlb 141 4 1e5
*

cl 80 91 200e-12
rxc1 91 90 50
cxc1 91 90 500e-12
c2 8 98 4.000e-12
rxc2 8 98 4.00k
cxc2 1 98 27.000e-12
*cin 3 2 5e-12
ddm1 2 104 dm2
ddm3 104 3 dm2
ddm2 3 105 dm2
ddm4 105 2 dm2
reI 10 12 -2.6233E+01
re2 11 12 -2.6233E+Ol
iee 12 4 7.5030E-05
re 12 0 2.666E+06
ce 12 0 1.579E-12
gcm 0 8 12 0 7.558E-IO
ga 8 0 80 90 1.5080E-03
r2 8 0 1.000E+05
gb 1 0 8 0 1.9176E+03
ro2 1 0 6.900E+01

ip 7 4
dsub 4 7
* models
.model qm1
.model qm2
.model dm1
.model dm2
.model dm3
.ends OP27

2.625E-03
dm2

npn (is=8.0000E-16
npn (is=8.0093E-16
d (is=1.000e-19)
d (is=8.000E-16)
d (is=l.000e-20)

bf=2.0000E+03)
bf=4.6667E+03)

.subckt OP227 3 2 7 4 6
x_OP227 3 2 7 4 6 OP27
.ends OP227
*

*
rs 1 6 1
ecl 18 0 1 6 2.828e+01
gcl 0 8 20 0 1
rcl 20 0 1e3
dl 18 20 dml
d2 20 18 dm1
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* Linear Technology OP37 op amp model (with calls for OP237)
* Written: 11-21-1989 Type: Bipolar npn input, internal compo
* Typical specs:
* Ref. OP-37 data sheet, LTC 1990 databook p2-345
* Comments:
* Uses extended phase compensation; input differential mode clamp.
*

cl 80 91 200e-12
rxcl 91 90 200
cxcl 91 90 200e-12
c2 8 98 1.000e-12
rxc2 8 98 10.00k
cxc2 1 98 5.000e-12
*

*
rs 1 6 1
ecl 18 0 1 6 2.828e+Ol
gcl 0 8 20 0 1
rcl 20 0 le3
dl 18 20 dml
d2 20 18 dml
*

* Connections: + - v+v-o
.subckt OP37 3 2 7 4 6
rcl 7 80 6.6315E+02
rc2 7 90 6.6315E+02
ql 80 2 10 qml
q2 90 3 11 qm2
*

cin 3 2 5e-12
ddml 2 104 dm2
ddm3 104 3 dm2
ddm2 3 105 dm2
ddm4 105 2 dm2
reI 10 12 -2.6233E+Ol
re2 11 12 -2.6233E+Ol
iee 12 4 7.5030E-05
re 12 0 2.666E+06
ce 12 0 1.579E-12
gcm 0 8 12 0 7.558E-I0
ga 8 0 80 90 1.5080E-03
r2 8 0 1.000E+05
gb 1 0 8 0 1.9176E+03
ro2 1 0 6.900E+Ol

d3a 131 70 dm3
d3b 13 131 dm3
gpl 0 8 70 7
vc 13 6 3.0909
rpla 7 70 le4
rplb 7 131 le5
d4a 60 141 dm3
d4b 141 14 dm3
gnl 0 8 60 4
ve 6 14 3.0909
rnla 60 4 le4
rnlb 141 4 le5
*
ip 7 4
dsub 4 7
* models
.model qml
.model qm2
.model dml
.model dm2
.model dm3
.ends OP37

2.625E-03
dm2

npn (is=8.0000E-16
npn (is=8.0093E-16
d (is=1.000e-19)
d (is=8.000E-16)
d (is=1.000e-20)

bf=2.0000E+03)
bf=4.6667E+03)

.subckt OP237 3 2 7 4 6
x_OP237 3 2 7 4 6 OP37
.ends OP237
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* Linear Technology OP97 op amp model
* Written: 12-06-89 Type: Bipolar npn input, internal compo
* Typical specs:
* Vos=3.0e-05, Ib=3.0E-11, Ios=2.0E-ll, GBP=6.0E+05Hz, Phase mar.= 70 deg,
* SR(+)=2.0E-OIV/us, SR(-)=1.9E-OIV/us, Av= 126 dB, CMMR= 132 dB,
* Vsat(+)=1.00V, Vsat(-)=1.00V, Isc=+/-12.5mA, Iq= 380uA
* (input differential mode clamp active)
*
* Connections: + - v+v-o
.subckt OP97 3 2 7 4 6
* input
rcl 7 80 8.842E+03
rc2 7 90 8.842E+03
ql 80 2 10 qm1
q2 90 3 11 qm2
ddml 2 3 dm2
ddm2 3 2 dm2
c1 80 90 5.460E-12
rei 10 12 2.246E+02
re2 11 12 2.246E+02
iee 12 4 6.000E-06
re 12 0 3.333E+07
ce 12 0 1.579E-12
* intermediate
gcm 0 8 12 0 2.841E-ll
ga 8 0 80 90 1.131E-04
r2 8 0 1.000E+05
c2 1 8 3.000E-ll
gb 1 0 8 0 1.960E+02
* output
rol 1 6
ro2 1 0
rc 17 0
gc 0 17
dl 1 17
d2 17 1
d3 6 13
d4 14 6
vc 7 13
ve 14 4
ip 7 4
dsub 4 7
* models
.model qml npn
.mode1 qm2 npn
.model dml d
.mode1 dm2 d
.ends OP97

1.000E+02
9.000E+02
1.063E-04
6 0 9.408E+03
dm1
dml
dm2
dm2
1.785E+00
1.785E+00
3.740E-04

dm2

(is=8.000E-16 bf=7.500E+04)
(is=8.008e-16 bf=1.500E+05)
(is=1.179E-19)
(is=8.000E-16)
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UNDERSTANDING INTERFERENCE-TYPE NOISE
Howto Deal with Noise without Black Magic
There Are Rational Explanations for-and Solutions to-Noise Problems

If the circuit doesn't work, add a decoupling capacitor anywhere-
a 0.01 fLFceramic disc, of course; they'll fix anything! Or when
your circuit is broadcasting its noise, a shield will cure it; just wrap
a piece of metal around the circuit, connect that shield to
"ground," and watch the noise disappear!

Unfortunately, Nature is not that kind to us in real life. That
0.01 fLFdisc you added only increased the noise; and the shield you
added was totally ineffective-<>r, worse yet, the noise reappeared
in a remote part of the circuit.

This article is the first of a two-part series to help you understand
and deal effectively with interference noise in electronic systems.
We will consider here the mechanism that causes noise to be picked
up, since the first step in solving any noise problem is to identify
the source of the noise and the coupling mechanism; only then can
an effective solution be implemented.

The second article will suggest specific techniques and guidelines
for effective shielding against electrostatic and magnetically
coupled noise.'

WHAT KIND OF NOISE ARE WE TALKING ABOUT?
Any electronic system contains many sources of noise. Three basic
forms in which it appears are: transmitted noise, received with the
original signal and indistinguishable from it, intrinsic noise, (such
as thermally generated Johnson noise, shot noise, and popcorn
noise) originating within the devices that constitute a circuit, and
interference noise, picked up from outside rhe circuit. This last
may eirher be due to narural disturbances (e.g., lightning) or be
coupled in from other elecrrical apparatus in the system or its vi-
ciniry, for example compurers, switching power supplies, SCR
controlled heaters, radio transmitters, switch contacts, etc.

This article will consider only the last category, man-made noise,
rhe most pervasive form of system noise in dara-acquisition or test
systems. Although it is most annoying in low-level circuits, no part
of the system is immune to it. But it is the only form of noise that
can be influenced by choices of wiring and shielding.

ASSUMPTIONS AND ANAL VTICAL TOOLS
Although Maxwell's equations-with all the mathematical agony
that they imply-are necessary for a complete and accurate de-
scription of how electrical systems behave, conventional circuit
analysis is a useful tool in most cases. The assumptions that permit
circuit analysis to be valid in solving these problems are:

1. All electric fields are confined to the interior of capacitors.
2. All magnetic fields are confined to the immediate vi-

cinity of inductors.
3. Dimensions of the circuits are small compared to the

wavelengths under consideration.

Using these assumptions, we can model noise-coupling channels
as lumped circuit elements. A magnetic field coupling two conduc-
tors is modeled as a mutual inductance. Stray capacitance can be
modeled as two conductors with an electric field between them.
Figure 1 shows an equivalent circuit of a situation where two short
wires are adjacent to one another over a system ground.

WIRE' C1i' WIRE' r ,
I IIc"q: :-= 1111
L •••

V1N VIP.

Figure 1. Noise-equivalent circuit of two adjacent wires and
aground plane.
Once the complete noise equivalent-circuit is obtained for a sys-
tem, the problem becomes one of solving network equations for
a desired parameter. All standard linear circuit analysis techniques
can be applied, including node equations, loop equations, matrix
algebra, state variables, superposition, Laplace transforms, etc.
When circuits exceed 5 or 6 nodes, manual calculation becomes
difficult; at this point, computer-aided programs, such as SPICE,
and other CAD techniques become necessary. Experienced de-
signers can make appropriate simplifying assumptions; but their
validity should always remain in question until proven.

The lumped-element approach will not always give an accurate
numerical answer, but it will show clearly how noise depends on
system parameters. Just the act of drawing a reasonably faithful
equivalent circuit may offer clues to methods to reduce noise levels.
Once network equations or CAD programs are written, the quan-
titative effects of noise-suppression techniques can be studied.

In spite of all the modern technical advances, such as microproces-
sors and switching power supplies, wires still have resistance and
inductance, capacitance still exists in the real world, and such
phenomena must be reckoned with.

THE BASIC PRINCIPLE
There are always three elements involved in a noise problem: a
noise source (line transients, relays, magnetic fields, etc.), a
coupling medium (capacitance, mutual inductance, wire), and a
receiver, a circuit that is susceptible to the noise (Figure 2).

L1NETRANSIENT

MAGNETIC

CAPACITANCE

MAGNETIC FIELD

PREAMPLIFIER

CONVERTER

AM RADIO

lOGIC SIGNALS

Figure 2. Noise pickup always involves a source, a coupling
medium, and a receiver.

.•Another helpful and relevant article that appeared In these pages was "Analog To solve the problem, one or more of these three elements must
Signal Handling for High Speed and Accuracy," by A Paul Brokaw, Analog be: n:movt:d, n:duccd, ur uivt:rtt:u. Their role in the problem mu~t
D,alo¥"ell-2,1977,pp 10-16 be thoroughly understood before the problem can be solved. If the
Analog Dialogue 16-3 1982 Copyright © 1982 Analog Devices, Inc. Reprinted with permission.



solution is inappropriate, it may only make the noise problem
worse! Different noise problems require different solutions; add-
ing a capacitor or a shield will not solve every such problem.

TYPES OF SYSTEM NOISE
Noise in any electronic system can originate at a large number of
sources, including computers, fans, power supplies, adjacent
equipment, test devices; noise sources can even include improperly
connected shields and ground wires that were intended to combat
noise. Our discussion of noise sources and coupling mechanisms
will include the following topics:

Common-impedance noise
Capacitively coupled noise
Magnetically coupled noise
Power-line transients
Miscellaneous noise sources

Common-Impedance Noise. As the name implies, common-im-
pedance noise is developed by an impedance that is common to .
several circuits. Figure 3 shows the basic configuration, which
might occur when a pulse output source and an op amp's reference
terminal are both connected to a "ground" point having tangible.
impedance to the power-supply return terminal. The noise current
(the noisy return current of Circuit 1) will develop across im-
pedance, Z, a voltage, Vnoi", which will appear as a noise signal
to Circuit 2.

Figure 3. How noise is developed by a common circuit
impedance.

Typically, this type of noise has a repetition rate that is set by the
rate of the noise source. The actual waveshape is determined by
the characteristics of the impedance, Z. For example, if Z is purely
resistive, the noise voltage will be proportional to the noise current
and of similar shape (Figure 4a). If Z is an R-L-C, the noise voltage
will ring at a frequency, 1I(21fYLC) and decay exponentially at a
rate set by UR (b).

iNOlSE

I I I I
I I I 1~\I':iNOl$ER,-~

;.." ..~
I I I I
I I I I,-~

b.

c.
Figure 4. Noise effects in a common impedance. (a) Resis-
tance. (b) An R-l-C circuit. (c) Switching-supply noise
response.

If noise of this kind is found in a circuit, its origin may be readily
deduced from the repetition rate and waveshape. The repetition
rate will point to the source of noise, since the noise and its source
are synchronized. For example, a noise waveform like that shown
in (c), at a 25kHz repetition rate and a 25% duty cycle, might be
typical of a switching power supply containing a regulating loop
using pulse-width modulation.

The waveform will help identify the impedance that is actually
generating the undesired noise. If, for example, the waveform of
the noise is the simple damped sinusoid shown in Figure 5, the fol-
lowing features allow us to deduce the nature of Z:

·A constant resistance, R, is in series with the line. The voltage
change, V

"
is the product of R and a current step, 1

"'The natural frequency of the oscillation, f" is determined by the
series L and shunt C, f = 1I(21fv.T:C).

·The damping time constant, T, is determined by UR.

1',1,'-..•.
v,--

Figure 5 Waveshape for an underdamped R-l-C circuit.

Capacitively Coupled Noise. Noise is also produced by capacitive
coupling from a noise source to another circuit. This type of noise
is often seen when signals with fast rise-and-fall times or high fre-
quency content are in close proximity to high-impedance circuits'.
Stray capacitance couples the fast edges of the signal into adjacent
circuits, as the circuit model of Figure 6 shows. The nature of the
impedance, Z, determines the shape of the response. Typical
capacitances are listed in Table 1.

.J"L Cs

Figure 6. Stray capacitance couples noise into high-impe-
dance circuits.

Human standing on an insulator to earth
Power input (ac) to outpuf(dc) of ± 15-V dc supply
Two-conductor shielded cable:

Conductor to conductor

Conductor to shield
RG58 coaxial cable, center conductor to shield
Connector, pin to pin
Optical isolator, lED to photodeteetor
'h-wan resistor (end ro end)

700pF
100pF

40pF/ft
65 pF/ft
33 pF/ft
2pF
2pF
1.5 pF

Capacitive pickup can occur in many ways, shapes, and sizes. Here
are a few examples:

·A TTL digital signal produces fast edges, with a typical rise time
of 10 nanoseconds and voltage swings of 5 volts. If Z is a 1-
megohm resistor, even 0.1 pF will produce 5-volt spikes with decay
time constants of 100 nanoseconds.
'SOUTces: Exccrp\~ from \\a\ph Morri~on. Grounding "nd Shielding Tec:hniques
in Instrumentation, Second Edition (New York: John Wiley & Sons. 1977),
p.30, and actual measurements.



.Crosstalk may result between two adjacent wires. For example,
if two wires in a 10-foot (3-meter) length of cable have a capaci-
tance of 40 pF/ft, the total capacitance is 400 pF. If a test voltage
of 10 V at 1 kHz is on one conductor, 250 mV at 1 kHz will be
coupled into the adjacent wire if Z is a 10k resistance.

'Noise on the ac power line, developed through common im-
pedances, will couple into other circuits. A common case is when
transients couple through the interwinding capacitance of power-
supply transformers.

It is amazing how little capacitance can cause serious problems.
For example, consiJer the situation where high noise-immunity
CMOS logic is used in an industrial circuit where 2500-volt, 1.5
MHz noise transients (IEEE Standard 472-1974) are present. Sup-
pose that stray capacitance of only 0.1 pF exists between a CMOS
input and the noise source, as shown in Figure 7. The calculated
noise voltage, Vc, will be 2.4 volts, steady state, with an initial 50-
V transient, which will cause improper logic operation or worse!

Figure 7. Coupling of high-voltage transients from test
generator to logic.

Magnetically Coupled Noise. Strong magnetic fields are found
where cables carry current, where ac power is distributed, and near
machinery, power transformers, fans, ete. There is an analogous
relationship between circuits coupled magnetically and those
coupled capacitively, as shown in Figure 8 and Table 2.

[]Lm[[t. • - .....•vnlt) Z

'I.' I

Figure 8. Comparison of magnetic and capacitive noise
coupling.

Noise Source
Coupling Medium
Coupled Noise

Voltage change (dV/dt) Currenrchange (dIldt)
Mutual capacitance Mutual inductance
Current (frequently Voltage
converted to voltage by Z)

This analogy helps us consider some differences between capaci-
tively and magnetically coupled noise:

'When the noise is magnetically coupled, voltage noise (Vn) ap-
pears in series with the receiver circuit; in the capacitive situation,
the voltage noise produced between the receiver and ground is the
voltage in Z caused by the noise current, in.

'Reducing the receiver impedance, Z, will reduce capacitively
coupled noise. This is not the case in magnetically coupled circuits;
lowering Z will not dramatically reduce voltage noise.

Analog Dialogue 16-3 1982

The voltage, Vnoinduced in a closed loop (single turn) by a magnet-
ic field is given by

Vn=2'lTfBAcos6Xl0-8 (1)

volts, where f is the frequency of the sinusoidally varying flux den-
sity, B is the rms value of the flux density (gauss), A is the area of
the closed loop (cmz), and 6 is the angle of B to area A.

For example, consider the circuit of Figure 9. It shows the calcula-
tion for two one-foot conductors, separated by 1 inch, in a 10-
gauss 60-Hz magnetic field (typical of fans, power wiring, trans-
formers). The maximum voltage induced in the wires is 3 mY.

Vn = 1211' x 60)(10)f12)( 2.54)(1 x 2.54)10-8 FOR 0 =. O·

·f.·
'1////&~fff/////11;1;

Figure 9. Example demonstrating magnitude of magnetic
pickup.
The equation tells us that the noise voltage can be reduced by re-
ducing B, A, or cos6. The B term can be reduced by increasing the
distance from the source of the field or-if the field is caused by
currents flowing through nearby pairs of wires-twisting those
wires to reduce the net field to zero by alternating its direction.

The loop area, A, can be reduced by placing the conductors closer
together. For example, if the conductors in the example were
placed 0.1" apart (separated only by insulation), the noise voltage
would be reduced to 0.3mV. If they can be twisted together, the
area is, in effect, reduced to small positive and negative increments
that cancel, practically nullifying the magnetic pickup.

The cos 6 term can be reduced by proper orientation of the receiv-
ing wires to the field. For example, if the conductors were perpen-
dicular to the field, the pickup would be minimized, while if they
were run together in the same cable (6 = 0), pickup would be
maximized.

The rms induced voltage, Vn>in a conductor in parallel with a sec-
ond conductor, carrying a current Iz at an angular frequency
w = 2'lTf,with a given mutual inductance, M, is

The application of this relationship shown in Figure 10 illustrates
why only one end of a shield should be grounded. A 1OO-ftlength
of shielded cable is used to carry a high-level low-impedance signal

Figure 10. Magnetic pickup from current flowing through a
cable shield.

(JOV) to a 12-bit data-acquisition system (1 LSB = 2.4 mY). The
shield, which has series resistance of 0.01 ohms per foot and
mutual inductance to the conductor of 0.6fLHlft, has been ground-
ed at both the source and the destination. A potential of 1 volt at
60 Hz exists between the two ground points, causing a current of
1 ampere to flow in the l-ohm total resistance of the shield. By (2),
the noise voltage induced in the conductor is



Vn = (2 'IT 60 Hz)(100 x 0.6 x W-6 H)(l A)
= 23mV,

or 10 LSBs, thereby reducing the effective resolution of the system
to less than 9 bits. This noise voltage is a direct consequence of the
large current flowing in the shield because it is grounded at both
ends. And the I-volt potential assumed between the grounds was
conservative! In heavy-industry environments, 10 to 50 volts be-
tween earth grounds is not uncommon.

Power-Line Transients. Another type of system noise is that gen-
erated by high-voltage transients in inductive circuits, such as re-
lays, solenoids, and motors, when they are turned on and off.
When devices having high self-inductance are turned off, the col-
lapsing fields can generate transients of the order of kilovolts, with
frequencies from 0.1 to 3 megahertz, that appear on the power
line.

Besides creating noise in sensitive circuitry, via capacitive and con-
ductive coupling and radiated energy, these transients are hazard-
ous to equipment and people. Standards exist to characterize cer-
tain transient waveforms for the purpose of protection; however,
besides being designed to withstand them, systems should also be
designed to deal with their potential interference with signals. Fig-
ure 11 shows 4 typical waveforms existing in industry standards.

Miscellaneous Noise Sources Finally, there is a group of noise
sources that can be considered as miscellaneous--{)r just "f1akey."

For low-level signals at high impedance, the cable itself can be-
come a noise source. A charge can be produced on the dielectric
material within the cable; if the dielectric does not maintain con-
tact with the conductors, this charge will act as a noise source with-
in the cable, unless the cable can be kept rigid. This noise is highly
dependent on any motion of the cable; noise levels of 5 to 100 mV
were reported by Belden Corporation. Noise of similar character
(5 to 25 mY) was observed in the laboratory for RG188 coaxial
cable, as it was moved and flexed.

Another type of motion-related noise occurs when a cable is
moved through a magnetic field. Voltage will be induced in the
cable as the cable cuts fixed flux lines or the flux density, B,
changes. This kind of noise is troublesome in a high-vibration envi-
ronment, where the cables can be in rapid motion. If the cable can
be kept from vibrating relative to the field, this noise will not
occur.

Finally, if instrumentation is operating in close proximity to a
radio or television station, signals may be picked up from the
transmissions. In addition to AM, FM, and television transmitters,
the RFI may come from CB radios, amateur radios, walkie-talkies,
paging systems, ete. High-frequency noise should be considered as
a possible source of mysterious drifts in de circuitry, due to rectifi-
cation of picked-up rf; investigations of drift should always be
conducted with a wideband oscilloscope.

SUMMARY
We have described here the different types of interference noise
that will exist in any electronic system. Table 3 lists the noise
sources discussed above and some effective approaches to solving
the pickup problem. It is important to understand the complete
noise system (source, coupling medium, receiver, and relation-
ships) before noise-reduction techniques are employed.

Noise reduction is not a mystical job for wizards; it is a practical
and analytical job for engineers. Needless to say, the most effective

approach is prevention-applying noise-reduction analysis and
minimization techniques before the system is built.

In part 2 of this article, we will describe the proper application of
shielding and guarding techniques for noise reduction.

Further Reading:
Ralph Morrison, op. cit.
Henry W. ott, Noise Reduction Techniques in Electronic Systems
(New York: John Wiley & Sons, 1976). CI
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Courtesy of Key Tek Instrument Corp .• Burlington. MA
Figure 11. Examples of transients existing in standards for
industrial power-line equipment. (a) IEEE Standard 472-
1974 "Guide for Surge Withstand Capal:!ility." (b) Impulse
wave, 8 x 20, 1000V peak, 5J.1os/div.(c) Impulse wave, 10 x
1000, 1500V peak. 0.2ms/div. (d) 100kHzac surge. 6kV peak
(500kHz leading edge); successive peaks down by 40% (1kVI
div,2J.1os/div).

Common-Impedance Noise
Proper circuits for distributing power
Isolation transformers, optical isolators, analog isolators
Shielding of sensitive circuits

Capacitively Coupled Noise
Reducing noise sources
Properly implemented shields (veryeffective)
Reducing stray capacitance

Magnetically Coupled Noise
Careful routing of wiring
High-permeability (mumetal) shields (the most effective)
Reducing area of receiver circuit (twisted pairs, physical wire

placement)
Reducing the noise source (twisted pairs, driven shields to cancel

field)

Power-Line Transients
Coil suppression on relays, solenoids, etc.
Zero-crossing turnoff for relays, solenoids, ete.
Shielding
Reducing stray capacitance

Miscellaneous
Rigid wiring
Low-noise cable
Shielding from RFI source



SHIELDING AND GUARDING
How to Exclude Interference-Type Noise
What to Do and Why to Do It-A Rational Approach

This is the second of two articles dealing with interference noise.
In the last issue of Analog Dialogue (Vol. 16, No.3, pp. 16-19),
we discussed the nature of interference, described the relationship
between sources, coupling channels, and receivers, and considered
means of combatting interference in systems by reducing or elimi-
nating one of those three elements.

One of the means of reducing noise coupling is shielding. Our pur-
pose in this article is to describe the correct uses of shielding to re-
duce noise. The major topics we will discuss include noise due to
capacitive coupling, noise due to magnetic coupling, and driven
shields and guards. A set of guidelines will be included, with do's
and don'ts.

From the outset, it should be noted that shielding problems are al-
ways rational and do not involve the occult; but they are not al-
ways straightforward. Each problem must be analyzed carefully.
It is important first to identify the noise source, the receiver, and
the coupling medium. Improper shielding and grounding, based
on faulty identification of any of these elements, may only make
matters worse or create a new problem.

You can think of shielding as serving two purposes. First, shielding
can be used to confine noise to a small region; this will prevent
noise from extending its reach and getting into a nearby critical cir-
cuit. However, the problem with such shields is that noise captured
by the shield can still cause problems if the return path the noise
rakes is not carefully planned and implemented by understanding
of the ground system and making the connections correctly.

Second, if noise is present in a system, shields can be placed around
critical circuits to prevent the noise from getting into sensitive por-
tions of the circuits. These shields can consist of metal boxes
around circuit regions or cables with shields around the center
conductors. Again, where and how the shields are connected is
important.

CAPACITIVEL V COUPLED NOISE
If the noise results from an electric field, a shield works because
a charge, Q2, resulting from an external potential, V" cannot exist
on the interior of a closed conducting surface (Figure 1).

Figure 1. Charge Q, cannot create charge inside a closed
metal shell.

Coupling by mutual, or stray, capacitance can be modeled by the
circuit of Figure 2. Here, V n is a noise source (switching transistor,

TTL gate, etc.), C, is the stray capacitance, Z is the impedance of
a receiver (for example, a bypass resistor connected between the
input of a high-gain amplifier and ground), and Vno is the output
noise developed across Z.

c.

V"t
IE gz v",

G
NOISE COUPLING RECEIVER

SOURCE MEOIUM

Figure 2. Equivalent circuit of capacitive coupling between
a source and a nearby impedance.

A noise current, in = Vn/(Z + Zc,), will result, producing a noise
voltage, Voo = Vo/(l + Zc,lZ). For example, if C, = 2.5 pF,
Z = 10kf1 (resistive), and Vo = 100mV at 1.3 MHz, the output
noise will be 20 mV (0.2% of 10V, i.e., 8 LSBsof 12 bits).

It is important to recognize the effect that very small amounts of
stray capacitance will have on sensitive circuits. This becomes in-
creasingly critical as systems are being designed to combine cir-
cuits operating at lower power (implying higher impedance levels),
higher speed (implying lower nodal stray capacitance, faster edges,
and higher frequencies), and higher resolution (much less output
noise permitted).

When a shield is added, the change to the situation of Figure 2 is
exemplified by the circuit model of Figure 3. With the assumption
that the shield has zero impedance, the noise current in loop A-B-
D-A will be Vn/Zc", but the noise current in loop D-B-C-D will
be zero, since there is no driving source in that loop. And, since
no current flows, there will be no voltage developed across Z. The
sensitive circuit has thus been shielded from the noise source, Vn'

Figure 3. Equivalent circuit of the situation of Figure 2, with
a shield interposed between the source and the
impedance.

Guidelines for Applying Electrostatic Shields
eAn electrostatic shield, to be effective, should be connected to

the reference potential of any circuitry contained within the shield.
If the signal is earthed or grounded (i.e., connected to a metal chas-
sis or frame, andlor to eqrth), the shield must be earthed or ground-
ed. But grounding the shield is useless If the signal is not grounded.

eThe shield conductor of a shielded cable should be connected
to the reference potential at the signal-reference node (Figure 4).

eIf the shield is split into sections, as might occur if connectors
arc used) the shield for each scg\"ncnt must be tied. to those {OT the



Figure 4. Grounding a cable shield.

adjoining segments, and ultimately connected (only) to the signal-
reference node (Figure 5).

tPI:
_The number of separate shields required in a system is equal to

the number of independent signals that are being measured. Each
signal should have its own shield, with no connections to other
shields in the system, unless they share a common reference poten-
tial (signal "ground"). If there is more than one signal ground (Fig-
ure 6), each shield should be connected to its own reference
potential.

Figure 6. Each signal should have its own shield connected
to its own reference potential.

-Don't connect both ends of the shield to "ground". The poten-
tial difference between the two "grounds" will cause a shield cur-
rent to flow (Figure 7). The shield current will induce a noise vol-
tage into the center conductor via magnetic coupling. An example
of this can be found in Part 1 of this series, Analog Dialogue 16-3,
"age 18, Figure 10.

Figure 7. Don't connect the shield to ground at more than
one point.

-Don't allow shield current to exist (except as noted later in this
article). The shield current will induce a voltage in the center
conductor.

-Don't allow the shield to beata voltage with respect to the refer-
ence potential (except in the case of a guard shield, to be de-
scribed). The shield voltage will couple capacitively to the center
conductor (or conductors in a multiple-conductor shield). With
a noise voltage, V" on the shield, the situation is as shown in
Figure 8.

b. Equivalent circuit.

Figure 8. Don't permit the shield to be at a potential with re-
spectto the signal.

The fraction of V, appearing at the output will be

Vs

VI + ~(21TfRcqCscl2

where V 1 is the open-circuit signal voltage, Ro is the signal's source
impedance, C,c is the cable's shield-to-conductor capacitance, and
Rcq is the equivalent parallel resistance of Ro and RL. For example,
if V, = IV at1.5MHz, C,c = 200pF (10 feet of cable), Ro = 1000
ohms, and RL = lOkO, the output noise voltage will be 0.86 volts.

This is an often-ignored guideline; serious noise problems can be
created by inadvertently applying undesired potentials to the
shield.

-Know by careful study how the noise current that has been cap-
tured by the shield returns to "ground." An improperly returned
shield can cause shield voltages, can couple into other circuits, or
couple into other shields. The shield return should be as short as
possible to minimize inductance.

Here is an example that illusttates the problems that can arise in
relation to these last two guidelines: Consider the improperly con-
figured shield system shown in Figure 9, in which a precision volt-
age source, VI, and a digital logic gate share a common shield con-
nection. This situation can occur in a large system where analog
and digital signals are cabled together.

Figure 9. A situation that generates transient shield
voltages.

A step voltage change in the output of the logic circuit couples
capacitivdy to its shield, creatlng a current in the common 2-foot



shield return. This, in turn, develops a shield voltage common to
both the analog and digital shields. An equivalent circuit is shown
in Figure 10, in which V(t) is a 5-volt step from a TTL logic gate,
R••, is the 13-ohm output impedance of the logic gate, Cw, is the
470-pF capacitance from the shield to the center conductor of the
shielded cable, and R, and L, are the O.l-ohm resistance and 1-
microhenry inductance of the 2-foot wire connecting the shield to
the system ground.

R..,=13 ohms
R.=.lohm
c.....:470pF
L.. '" l..,.H
INPUT VOLTAGE = 5 volt step

The shield voltage, V,(t), can be solved for by conventional circuit-
analysis techniques, or simulated by actually building and care-
fully making measurements on a circuit with the given parameters.
For the purpose of demonstration, the calculated response
waveform, illustrated in Figure 11, with a 5-volt initial spike,
resonant frequency of 7.3 MHz, and damping time constant of
0.15I.1.s,is sufficient to illustrate the nature of the voltage that ap-
pears on the shield and is capacitively coupled to the analog input.
If the voltage is looked at with a wideband oscilloscope, it will look
like a noise "spike." We can see that this transient will couple a
fast damped waveform of significant peak amplitude to the analog
system input.

Even in a purely digital system, noise glitches can be caused to ap-
pear in apparently remote portions of a system having the kind of
situation shown. This can often explain some otherwise inexplica-
ble system bugs.

In quite a few cases, the proper choice of shield connection among
the many possibilities may not be immediately obvious, and the
guidelines may not provide us with a clear choice. There is no alter-
native but to analyze the various possibilities and choose the ap-
proach for which the lowest noise may be calculated.

For example, consider the case illustrated in Figure 12, in which
the measurement system and the source have differing ground po-
tentials. Should we connect the shield to A: the low side at the
measurement-system input, B: ground at the system input, C:
ground at the signal source, or D: the low side at the source?

A is a poor choice, since noise current is allowed to flow in a signal
Analog Dialogue 17-11983

Figure 12. Possible grounds where system and source have
differing ground potentials.

conductor. The path of the noise current due to VGI>as it rerurns
through C4, is shown in Figure 13a.

B is also a poor choice, since the two noise sources in series, VG1

and VG2, produce a component across the two signal wires, de-
veloped by the source impedance in parallel with C2, in series with
C" as shown in Figure 13b.

C is poor, too, since VGl produces a voltage across the two signal
wires, by the same mechanism as (B), as Figure Be shows.

D is the best choice, under the given assumptions, as can be seen
in Figure 13d. It also tends to confirm the grounding guideline to
connect the shield at the signal's reference potential.

a. Retu rn path A.

v,-----1 Cl

I
v"

1

d. Return path D.
Figure 13. Equivalentcircuits.

NOISE RESULTING FROM A MAGNETIC FIELD
Noise in the form of a magnetic field induces voltage in a conduc-
tor or circuit; it is much more difficuh to shidd agai.nst than dec-



tric fields because it can penetrate conducting materials. A typical
shield placed around a conductor and grounded at one end has lit-
tle if any effect on the magnetically induced voltage in that
conductor.

As a magnetic field, B, penetrates a shield, its amplitude decreases
exponentially (Figure 14). The skin depth, 8, of the shield material,
is defined as the depth of penetration required for the field to be
attenuated to 37% (exp (-1)) of its value in free air. Table l' lists
typical values of 8 for several materials at various frequencies. You
can see that any of the materials will be more effective as a shield
at high frequency, because 8 decreases with ·frequency, and that
steel provides at least an order of magnitude more effective shield-
ing at any frequency than copper or aluminum.

FLUX DENSITYsoL
0.3780 ----

I THICKNESSs
Figure 14. Magnetic field in a shield as a function of penetra-
tion depth.

Figure 15 compares absorption loss as a function of frequency for
two thicknesses of copper and steel. '/,-inch steel becomes quite ef-
fective for frequencies above 200 Hz, and even a 20-mil (0.5 mm)
thickness of copper is effective at frequencies above 1 MHz. How-
ever, all show a glaring weakness at lower frequencies, including
50-60-Hz line frequencies-the principal source of magnetically
coupled noise at low frequency.

~ 125

,
•• '00g
~ 75

~ SO

~~

Figure 15. Absorption loss vs. frequency fortwo thicknesses
of copper and steel.

For improved low-frequency magnetic shielding, a shield consist-
ing of a high-permeability magnetic material (e.g., Mumetal)

Frequency

60Hz
100Hz
1kHz
10kHz
100kHz
IMHz

o for Copper
(in.) (mm)

0.335 8.5
0.260 6.6
0.082 2.1
0.026 0.66
0.008 0.2
0.003 0.08

o for Steel
(in.) (mm)

0.034 0.86
0.026 0.66
0.008 0.2
0.003 0.08
0.0008 0.02
0.0003 0.008

o for Aluminum
(in.) (mm)

0.429 10.9
0.333 8.5
0.105 2.7
0.033 0.84
0.D11 0.3
0.003 0.08

'Table 1 and Figures 15 and 16 are from Ort, H.W., Noise Reduction Tech·
niques in Electronic Systems (New York: John Wiley & Sons, © 1976).

Figure 16. Shielding attenuation of Mumetal and other
materials at several frequencies.

should be considered. Figure 16 compares a 30-mil thickness of
Mumetal with various materials at several frequencies. It shows
that, below 1 kHz, Mumetal is more effective than any of the other
materials, while at 100kHz it is the least effective. However,
Mumetal is not especially easy to apply, and if it is saturated by
an excessively sttong field, it will no longer provide an advantage.

As you can see, it is very difficult to shield against magnetic fields,
i.e., to modify the coupling medium by shielding. Therefore, the
most effective approaches at low frequency are to minimize the
strength of the interfering magnetic field, minimize the receiver
loop area, and minimize coupling by optimizing wiring geomet-
ries. Here are some guidelines:

-Locate the receiving circuits as far as possible from the source
of the magnetic field.
-Avoid running wires parallel to the magnetic field; instead, cross

the magnetic field at right angles.
-Shield the magnetic field with an appropriate material for the

frequency and field strength.
-Use a twisted pair of wires for conductors carrying the high-level

current that is the source of the magnetic field. If the currents in
the two wires are equal and opposite, the net field in any direction

Figure 17. Connections to a twisted pair.
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over each cycle of twist will be zero (Figure 17a). For this arrange-
ment to work, none of the current can be shared with another con-
ductor, for example, a ground plane. Figure 17b shows what can
happen if a ground loop is formed; if part of the current flows
through the ground plane (depending on the ratio of conductor re-
sistance to ground resistance), it will form a loop with the twisted
pair, generating a field determined by i.l ( = i I - i2).

The ground connection between A and B need not be as simple as
a short circuit to cause trouble. Any stray unbalanced capacitance
or resistance from Rimel circuits to the ground plane will also
unbalance the currents and produce a net current through the
wires and the ground plane, producing a ground loop and a related
magnetic field. For this reason, it is also good practice to run the
twisted pair close to the ground plane to tend to balance the
capacitances from each side to ground, as well as to minimize loop
area.

-Use a shielded cable with the high-level source circuit's return
current carried in the shield (Figure 18). If the shield current, 12 is
equal and opposite to that in the center conductor, the center-con-
ductor field and the shield field will cancel, producing a zero net
field. In this case, which seems to violate the "no shield current"
rule for receiver circuits, the concentric cable is not used to shield
the center lead; instead, the geometry produces cancellation.

.•£1-;, -bR'~O!d- 8=0

This scheme can be usefully employed in an ATE system where ac-
curate measurements must be performed on devices with high
power-supply currents that may be noisy. For example, Figure 19
shows the application of this technique to the connections for the
high-current logic supply for an aid converter under test-at the
end of a test cable.

-Since magnetically induced noise depends on the area of the re-
ceiver loop, the induced voltage due to magnetic coupling can be
reduced by reducing the loop's area. What is the receiver loop? In
the example shown in Figure 20, the signal source and its load are
connected by a pair of conductors of length L and separation D.
The circuit (assuming it has a rectangular configuration) forms a
loop with area D· L.
Analog Dialogue 17-11983

Figure 20. Area of a loop that receives magnetically coupled
noise.

The voltage induced in series with the loop is proportional to the
area and the cosine of its angle to the field. Thus, to minimize
noise, the loop should be oriented at right angles to the field, and
its area should be minimized.

The area can be reduced by decreasing the length of andlor de-
creasing the distance between the conductors. This is easily accom-
plished with a twisted pair, or at least a tightly cabled pair, of con-
ductors. It is good practice to pair conductors so that the circuit
wire and its return path will always be together. To do this, the
designer must be certain of the actual path that the return current
takes in getting back to the signal so'urce. Quite often, the current
returns by a path not intended in the original design layout.

If wires are moved (for example, by a technician troubleshooting
some other problem), the loop area and orientation to the field
may change, so that yesterday's acceptable noise level may be
transformed to tomorrow's disastrous noise level. Which may lead
to a service call ... and another repetition of the cycle. The bot-
tom line: Know the loop area and orientation, do what must be
done to minimize noise-and permanently secure the wiring!

DRIVEN SHIELDS AND GUARDING
We have discussed the role of a current-driven shield carrying an
equal and opposite current to reduce generated noise by reducing
the magnetic field around a conductor.

Guarding is similar, in that it involves driving a shield, at low impe-
dance, with a potential essentially equal to the common-mode vol-
tage on the signal wire contained within the shield. Guarding has
many useful purposes: It reduces common-mode capacitance, im-
proves common-mode rejection, and eliminates leakage currents
in high-impedance measurement circuits.

Figure 21 shows an example of an op amp with negligible bias cur-
rent connected as a high-impedance non-inverting amplifier with
gain. The purpose of the cable is to shield the high input-impe-
dance signal conductor from capacitively coupled noise and to
minimize leakage currents. The signal comes from a 10-megohm
source, and the cable is assumed to have 1000 megchms of leakage
resistance (which may change as a function of temperature,
humidity, etc.) from conductor to shield. If connected as shown,
the equivalent input circuit is an attenuator which loses 1% of the

Figure 21. Op amp connected as high-impedance non-
inverting amplifier with gain, with shielded input lead.



signal at the time it is measured, and an unknown fraction at other
times. Also, the cable capacitance produces a substantial lag time
constant, RsCc

Figure 22 has the same players, bm the shield is connected to the
tap of the gain divider (usually at low impedance). Being connected
to the inverting input of the op amp, it should be at the same poten-
tial as the amplifier's non-inverting input. Since there is no voltage
across the cable's leakage resistance, there is no current through
it and its resistance value doesn't matter; V I must therefore be
equal to V" since bias current was assumed negligible.

, .r;/ '.
R. 1: R,C, "'C, eo due to Vn

C• ..,...
-'" -R, c.~-=- v.

v'2.J-
R,

Figure 22. Same as Figure 21, but cable shield connected as
a guard.

Also, there is no voltage across the cable capacitance, hence no
charging or discharging of the cable; thus the lag time constant de-
pends mainly on circuit strays and the amplifier's input capaci-
tance. For stability, capacitance should be connected between the
output and the negative input, such that CrR, = C,R" where C,
is sum of the stray capacitance between shield and ground and the
input capacitance.

There must be no noise voltage applied to the guard. In noisy sys-
tems, as Figure 22 shows, capacitively coupled noise will be dif-
ferentiated, emphasizing the higher-frequency components. This
can be avoided (Figure 23) by either using a buffer follower with
fast response and low output impedance to drive the guard (a)
or a second shield, around the guard, grounded to the signal
common (b).

Rl
v. -=-

~

(b) Shielded guard.

Figure 23. Avoiding noise pickup on the guard.

In high-impedance current-input inverting configurations, where
a length of shielded wire is used to guard the lead from the current
source to the amplifier's inverting input, the guard should either
be driven by a buffer at the same potential as the non-inverting
input (and connected nowhere else), or be tied directly to the non-

inverting input, with a second outer shield connected to the signal's
reference point.

SUMMARY
Table 2 summarizes the important points made in this article. All
are important to maintaining a high-integrity shield system. How-
ever, we cannot emphasize too strongly the two subjects that are
most-often ignored: appearance of noise voltage on signal shields
and proper disposition of shield noise currents. Noise voltage must
not exist on the shield; shield-to-conductor capacitance will couple
the noise directly to the center conductor. If shield currents are not
returned properly, they can show up in a remote part of the system
and perhaps cause trouble in a location totally unrelated to the
shielding problem that was "solved." CI

Consideration Universal Electric Magnetic

Know the noise source, coupling medium,
and receiver. X X X
Different shielding techniques arc required
for different noise sources, coupling channels,
and receivers. X X X
In most situations, conventional circuit
analysis using lumped clements can be used. X X X
Connect the shield at the signal-source end
only. X
Carry shields fhrough connecrors. X
Individual shields should not be tied rogether. X
Do nor ground both ends of a shield. X
Do not allow shield current ro flow,
except for driven shields ~to cancel
magnetic fields X X
Do not allow voltage on a shield, except
for guarding. X
Know exactly where noise current
from the shield will flow. X
Use short connections to return noise
current from the shield. X
Electrostatic shields have little effect in reduc-
ing noise resulting from magnetic fields. X
Reduce magnetic fields by physical separa-
tion proper orientation, twisted pairs, and/or
driven shields. X
Know the receiver loop area and orientation
to the ficld. Keep field at right angles and
reduce the loop area by using paired
conducrors, preferably twisted pairs, and
minimize wire lengths. X
Use guarding in high-impedance circuits X X
In high-impedance circuits, be extremely
careful of shield noise X X
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Current and power ratings of semiconductors are inse-
parably linked to their thermal environment. Except for
lead-mounted parts used at low currents, a heat exchan-
ger is required to prevent the junction temperature from
exceeding its rated limit, thereby running the risk of a
high failure rate. Furthermore, the semiconductor indus-
try's field history indicated that the failure rate of most
silicon semiconductors decreases approximately by one-
half for a decrease in junction temperature from 160°C to
135°C.!1) Guidelines for designers of military power sup-
plies impose a 110°C limit upon junction temperature. (2)
Proper mounting minimizes the temperature gradient
between the semiconductor case and the heat exchanger.

Most early life field failures of power semiconductors
can be traced to faulty mounting procedures. With metal
packaged devices, faulty mounting generally causes
unnecessarily high junction temperature, resulting in
reduced component lifetime, although mechanical dam-
age has occurred on occasion from improperly mounting
to a warped surface. With the widespread use of various
plastic-packaged semiconductors, the prospect of
mechanical damage is very significant. Mechanical dam-
age can impair the case moisture resistance or crack the
semiconductor die.

III MIL-HANDBOOK - 2178, SECTION 2.2.
(2) "Navy Power Supply Reliability - Design and Manufacturing

Guidelines" NAVMAT P4855-1, Dec. 1982 NAVPUBFORCEN, 5801
Tabor Ave., Philadelphia, PA 19120.
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Figure 1 shows an example of doing nearly everything
wrong. A tab mount TO-220 package is shown being used
as a replacement for a TO-213AA (TO-66) part which was
socket mounted. To use the socket, the leads are bent-
an operation which, if not properly done, can crack the
package, break the internal bonding wires, or crack the
die. The package is fastened with a sheet-metal screw
through a 114" hole containing a fiber-insulating sleeve.
The force used to tighten the screw tends to pull the
package into the hole, possibly causing enough distortion
to crack the die. In addition the contact area is small
because of the area consumed by the large hole and the
bowing of the package; the result is a much higher junc-
tion temperature than expected. If a rough heatsink sur-
face and/or burrs around the hole were displayed in the
illustration, most but not all poor mounting practices
would be covered.

Cho·Therm is a registered trademark of Chromerics. Inc.
Grafoil is a registered trademark of Union Carbide
Kaptan is a registered trademark of E.!. Dupont
Rubber-Due is a trademark of AAVIO Engineering
Sil Pad is a trademark of Berquist
Sync-Nut is a trademark of ITW Shakeproof
Thermasil is a registered trademark and Thermafilm is a trademark of Thermalloy. Inc.
ICePAK, Full Pak, POWERTAP and Thermopad are trademarks of Motorola, Inc.

Figure 1. Extreme Case of Improperly Mounting
A Semiconductor (Distortion Exaggerated)



In many ~tuations the case of the semiconductor must
be electrically isolated from its mounting surface. The
isolation material is, to some extent, a thermal isolator
as well, which raises junction operating temperatures. In
addition, the possibility of arc-over problems is intro-
duced if high voltages are present. Various regulating
agencies also impose creepage distance specifications
which further complicates design. Electrical isolation
thus places additional demands upon the mounting
procedure.

Proper mounting procedures usually necessitate
orderly attention to the following:

1. Preparing the mounting surface
2. Applying a thermal grease (if required)
3. Installing the insulator (if electrical isolation is

desired)
4. Fastening the assembly
5. Connecting the terminals to the circuit

In this note, mounting procedures are discussed in gen-
eral terms for several generic classes of packages. As
newer packages are developed, it is probable that they
will fit into the generic classes discussed in this note.
Unique requirements are given on data sheets pertaining
to the particular package. The following classes are
defined:

Stud Mount
Flange Mount
Pressfit
Plastic Body Mount
Tab Mount
Surface Mount
Appendix A contains a brief review of thermal resis-

tance concepts. Appendix B discusses measurement dif-
ficulties with interface thermal resistance tests. Appendix
C indicates the type of accessories supplied by a number
of manufacturers.

In general, the heatsink mounting surface should have
a flatness and finish comparable to that of the semicon-
ductor package. In lower power applications, the heatsink
surface is satisfactory if it appears flat against a straight
edge and is free from deep scratches. In high-power
applications, a more detailed examination of the surface
is required. Mounting holes and surface treatment must
also be considered.

Surface Flatness
Surface flatness is determined by comparing the var-

iance in height (ah) of the test specimen to that of a
reference standard as indicated in Figure 2. Flatness is
normally specified as a fraction of the Total Indicator
Reading (TIR). The mounting surface flatness, i.e, ahlTlR,
if less than 4 mils per inch, normal for extruded alumi-
num, is satisfactory in most cases.

Surface Finish
Surface finish is the average of the deviations both

above and below the mean value of surface height. For
minimum interface resistance, a finish in the range of 50
to 60 microinches is satisfactory; a finer finish is costly
to achieve and does not significantly lower contact resis-

tance. Tests conducted by Thermalloy using a copper
TO-204 (TO-3) package with a typical 32-microinch finish,
showed that heatsink finishes between 16 and 64 !-L-in
caused less than ± 2.5% difference in interface thermal
resistance when the voids and scratches were filled with
a thermal joint compound.l3) Most commercially avail-
able cast or extruded heatsinks will require spotfacing
when used in high-power applications. In general, milled
or machined surfaces are satisfactory if prepared with
tools in good working condition.

Mounting Holes
Mounting holes generally should only be large enough

to allow clearance of the fastener. The larger thick flange
type packages having mounting holes removed from the
semiconductor die location, such as the TO-3, may suc-
cessfully be used with larger holes to accommodate an
insulating bushing, but many plastic encapsulated pack-
ages are intolerant of this condition. For these packages,
a smaller screw size must be used such that the hole for
the bushing does not exceed the hole in the package.

Punched mounting holes have been a source oftrouble
because if not properly done, the area around a punched
hole is depressed in the process. This "crater" in the
heatsink around the mounting hole can cause two prob-
lems. The device can be damaged by distortion of the
package as the mounting pressure attempts to conform
it to the shape of the heatsink indentation, or the device
may only bridge the crater and leave a significant per-
centage of its heat-dissipating surface out of contact with
the heatsink. The first effect may often be detected imme-
diately by visual cracks in the package (if plastic), but
usually an unnatural stress is imposed, which results in
an early-life failure. The second effect results in hotter
operation and is not manifested until much later.

Although punched holes are seldom acceptable in the
relatively thick material used for extruded aluminum
heatsinks, several manufacturers are capable of properly
utilizing the capabilities inherent in both fine-edge blank-
ing or sheared-through holes when applied to sheet
metal as commonly used for stamped heatsinks. The
holes are pierced using Class A progressive dies mounted
on four-post die sets equipped with proper pressure pads
and holding fixtures.



When mounting holes are drilled, a general practice
with extruded aluminum, surface cleanup is important.
Chamfers must be avoided because they reduce heat
transfer surface and increase mounting stress. However,
the edges must be broken to remove burrs which cause
poor contact between device and heatsink and may punc-
ture isolation material.

Surface Treatment
Many aluminum heatsinks are black-anodized to

improve radiation ability and prevent corrosion. Anod-
izing results in significant electrical but negligible thermal
insulation. It need only be removed from the mounting
area when electrical contact is required. Heatsinks are
also available which have a nickel plated copper insert
under the semiconductor mounting area. No treatment
of this surface is necessary.

Another treated aluminum finish is iridite, or chromate-
acid dip, which offers low resistance because of its thin
surface, yet has good electrical properties because it.
resists oxidation. It need only be cleaned of the oils and
films that collect in the manufacture and storage of the
sinks, a practice which should be applied to all heatsinks.

For economy, paint is sometimes used for sinks;
removal of the paint where the semiconductor is attached
is usually required because of paint's high thermal resis-
tance. However, when it is necessary to insulate the semi-
conductor package from the heatsink, hard anodized or
painted surfaces allow an easy installation for low voltage
applications. Some manufacturers will provide anodized
or painted surfaces meeting specific insulation voltage
requirements, usually up to 400 volts.

It is also necessary that the surface be free from all
foreign material, film, and oxide (freshly bared aluminum
forms an oxide layer in a few seconds). Immediately prior
to assembly, it is a good practice to polish the mounting
area with No. 000 steel wool, followed by an acetone or
alcohol rinse.

When any significant amount of power is being dissi-
pated, something must be done to fill the air voids
between mating surfaces in the thermal path. Otherwise
the interface thermal resistance will be unnecessarily
high and quite dependent upon the surface finishes.

For several years, thermal joint compounds, often
called grease, have been used in the interface. They have
a resistivity of approximately 60°CIW/in whereas air has
1200°CIW/in. Since surfaces are highly pock-marked with
minute voids, use of a compound makes a significant
reduction in the interface thermal resistance of the joint.
However, the grease causes a number of problems, as
discussed in the following section.

To avoid using grease, manufacturers have developed
dry conductive and insulating pads to replace the more
traditional materials. These pads are conformal and
therefore partially fill voids when under pressure.

Thermal Compounds (Grease)
Joint compounds are a formulation of fine zinc or other

conductive particles in a silicone oil or other synthetic
base fluid which maintains a grease-like consistency with
time and temperature. Since some of these compounds
do not spread well, they should be evenly applied in a

very thin layer using a spatula or lintless brush, and
wiped lightly to remove excess material. Some cyclic
rotation of the package will help the compound spread
evenly over the entire contact area. Some experimenta-
tion is necessary to determine the correct quantity; too
little will not fill all the voids, while too much may permit
some compound to remain between well mated metal
surfaces where it will substantially increase the thermal
resistance of the joint.

To determine the correct amount, several semicon-
ductor samples and heatsinks should be assembled with
different amounts of grease applied evenly to one side
of each mating surface. When the amount is correct a
very small amount of grease should appear around the
perimeter of each mating surface as the assembly is
slowly torqued to the recommended value. Examination
of a dismantled assembly should reveal even wetting
across each mating surface. In production, assemblers
should be trained to slowly apply the specified torque
even though an excessive amount of grease appears at
the edges of mating surfaces. Insufficient torque causes
a significant increase in the thermal resistance of the
interface.

To prevent accumulation of airborne particulate matter,
excess compound should be wiped away using a cloth
moistened with acetone or alcohol. These solvents
should not contact plastic-encapsulated devices, as they
may enter the package and cause a leakage path or carry
in substances which might attack the semiconductor
chip.

The silicone oil used in most greases has been found
to evaporate from hot surfaces with time and become
deposited on other cooler surfaces. Consequently, man-
ufacturers must determine whether a microscopically
thin coating of silicone oil on the entire assembly will
pose any problems. It may be necessary to enclose com-
ponents using grease. The newer synthetic base greases
show far less tendency to migrate or creep than those
made with a silicone oil base. However, their currently
observed working temperature range are less, they are
slightly poorer on thermal conductivity and dielectric
strength and their cost is higher.

Data showing the effect of compounds on several pack-
age types under different mounting conditions is shown
in Table 1. The rougher the surface, the more valuable
the grease becomes in lowering contact resistance;
therefore, when mica insulating washers are used, use
of grease is generally mandatory. The joint compound
also improves the breakdown rating of the insulator.

Conductive Pads
Because of the difficulty of assembly using grease and

the evaporation problem, some equipment manufactur-
ers will not, or cannot, use grease. To minimize the need
for grease, several vendors offer dry conductive pads
which approximate performance obtained with grease.
Data for a greased bare joint and a joint using Grafoil, a
dry graphite compound, is shown in the data of Figure
3. Grafoil is claimed to be a replacement for grease when
no electrical isolation is required; the data indicates it
does indeed perform as well as grease. Another conduc-
tive pad available from Aavid is called KON-DUX. It is
made with a unique, grain oriented, flake-like structure
(patent pending). Highly compressible, it becomes



Table 1
Approximate Values for Interface Thermal Resistance Data from Measurements Performed

in Motorola Applications Engineering Laboratory

Dry interface values are subject to wide variation because of extreme dependence upon surface conditions. Unless
otherwise noted the case temperature is monitored by a thermocouple located directly under the die reached through
a hole in the heatsink. (See Appendix B for a discussion of Interface Thermal Resistance Measurements.)

Package Type and Data Interface Thermal Resistance (OCIW)

Test Metal-to-Metal With Insulator
JEDEC Torque See

Outlines Description In-Lb Dry Lubed Dry Lubed Type Note

DO-203AA, TO-210AA 10-32 Stud 15 0.3 0.2 1.6 0.8 3 mil

TO-208AB 7/16" Hex Mica

DO-203AB, TO-210AC 1/4-28 Stud 25 0.2 0.1 0.8 0.6 5 mil

TO-208 11/16" Hex Mica

DO-208AA Pressfit, 1/2" - 0.15 0.1 - -

TO-204AA Diamond Flange 6 0.5 0.1 1.3 0.36 3 mil 1
(TO-31 Mica

TO-213AA Diamond Flange 6 1.5 0.5 2.3 0.9 2 mil
(TO-66) Mica

TO-126 Thermopad 6 2.0 1.3 4.3 3.3 2 mil
1/4" x 3/8" Mica

TO-220AB Thermowatt 8 1.2 1.0 3.4 1.6 2 mil 1,2
Mica

formed to the surface roughness of both the heatsink and
semiconductor. Manufacturer's data shows it to provide
an interface thermal resistance better than a metal inter-
face with filled silicone grease. Similar dry conductive
pads are available from other manufacturers. They are a
fairly recent development; long term problems, if they
exist, have not yet become evident.

Since most power semiconductors use are vertical
device construction it is common to manufacture power
semiconductors with the output electrode (anode, col-
lector or drain) electrically common to the case; the prob-
lem of isolating this terminal from ground is a common
one. For lowest overall thermal resistance, which is quite
important when high power must be dissipated, it is best
to isolate the entire heatsink/semiconductor structure
from ground, rather than to use an insulator between the
semiconductor and the heatsink. Heatsink isolation is not
always possible, however, because of EMI requirements,
safety reasons, instances where a chassis serves as a
heatsink or where a heatsink is common to several non-
isolated packages. In these situations insulators are used
to isolate the individual components from the heatsink.
Newer packages, such as the Motorola Full Pak and EMS
modules, contain the electrical isolation material within,
thereby saving the equipment manufacturer the burden
of addressing the isolation problem.

Insulator Thermal Resistance
When an insulator is used, thermal grease is of greater

importance than with a metal-to-metal contact, because
two interfaces exist instead of one and some materials,

such as mica, have a hard, markedly uneven surface. With
many isolation materials reduction of interface thermal
resistance of between 2 to 1 and 3 to 1 are typical when
grease is used.

Data obtained by Thermalloy, showing interface resis-
tance for different insulators and torques applied to
TO-204 (TO-3) and TO-220 packages, are shown in Figure
3, for bare and greased surfaces. Similar materials to
those shown are available from several manufacturers.
It is obvious that with some arrangements, the interface
thermal resistance exceeds that of the semiconductor
(junction to case).

Referring to Figure 3, one may conclude that when high
power is handled, beryllium oxide is unquestionably the
best. However, it is an expensive choice. (It should not
be cut or abraided, as the dust is highly toxic.) Thermafilm
is a filled polyimide material which is used for isolation
(variation of Kapton). It is a popular material for low
power applications because of its low cost ability to with-
stand high temperatures, and ease of handling in contrast
to mica which chips and flakes easily.

A number of other insulating materials are also shown.
They cover a wide range of insulation resistance, thermal
resistance and ease of handling. Mica has been widely
used in the past because it offers high breakdown voltage
and fairly low thermal resistance at a low cost but it cer-
tainly should be used with grease.

Silicone rubber insulators have gained favor because
they are somewhat conformal under pressure. Their abil-
ityto fill in most of the metal voids at the interface reduces
the need for thermal grease. When first introduced, they
suffered from cut-through after a few years in service.
The ones presently available have solved this problem
by having imbedded pads of Kapton or fiberglass. By
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Figure 3. Interface Thermal Resistance for TO-204, TO-3 and TO-220 Packages using Different Insulating Materials
as a Function of Mounting Screw Torque (Data Courtesy Thermalioy)

comparing Figures 3c and 3d, it can be noted that Ther-
masil, a filled silicone rubber, without grease, has about
the same interface thermal resistance as greased mica
for the TO-220 package.

A number of manufacturers offer silicone rubber insu-
lators. Table 2 shows measured performance of a number
of these insulators under carefully controlled, nearly
identical conditions. The interface thermal resistance
extremes are over 2:1 for the various materials. It is also
clear that some of the insulators are much more tolerant
than others of out-of-flat surfaces. Since the tests were
performed, newer products have been introduced. The
Bergquist K-10 pad, for example, is described as having
about 2/3 the interface resistance of the Sil Pad 1000
which would place its performance close to the Chom-
erics 1671 pad. AAVID also offers an isolated pad called

ROCS@ ROCS@
Manufacturer Product 3 Mils' 7.5 Mils'

Wakefield Delta Pad 173-7 .790 1.175
Bergquist Sil Pad K-4 .752 1.470
Stockwell Rubber 1867 .742 1.015
Bergquist Sil Pad 400-9 .735 1.205
Thermalloy Thermalsil II .680 1.045
Shin-Etsu TC-30AG .664 1.260
Bergquist Sil Pad 400-7 .633 1.060
Chomerics 1674 .592 1.190
Wakefield Delta Pad 174-9 .574 .755
Bergquist Sil Pad 1000 .529 .935
Ablestik Thermal Wafers .500 .990
Thermalloy Thermalsil III .440 1.035
Chomerics 1671 .367 .655



Rubber-Duc, however it is only available vulcanized to a
heatsink and therefore was not included in the compar-
ison. Published data from AAVID shows ROCS below
0.3°CIW for pressures above 500 psi. However, surface
flatness and other details are not specified so a compar-
ison cannot be made with other data in this note.

The thermal resistance of some silicone rubber insu-
lators is sensitive to surface flatness when used under a
fairly rigid base package. Data for a TO-204AA (TO-3)
package insulated with Thermasil is shown on Figure 4.
Observe that the "worst case" encountered (7.5 mils)
yields results having about twice the thermal resistance
of the "typical case" (3 mils). for the more conductive
insulator. In order for Thermasil III to exceed the perfor-
mance of greased mica, total surface flatness must be
under 2 mils, a situation that requires spot finishing.
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Figure 4. Effect of Total Surface Flatness on Interface
Resistance Using Silicon Rubber Insulators

Silicon rubber insulators have a number of unusual
characteristics. Besides being affected by surface flatness
and initial contact pressure, time is a factor. For example,
in a study of the Cho-Therm 1688 pad thermal interface
impedance dropped from 0.90°CIW to 0.70°CIW at the end
of 1000 hours. Most of the change occurred during the
first 200 hours where ROCS measured 0.74°CIW. The
torque on the conventional mounting hardware had
decreased to 3 in-Ib from an initial 6 in-lb. With non-
conformal materials, a reduction in torque would have
increased the interface thermal resistance.

Because of the difficulties in controlling all variables
affecting tests of interface thermal resistance, data from
different manufacturers is not in good agreement. Table
3 shows data obtained from two sources. The relative
performance is the same, except for mica which varies
widely in thickness. Appendix B discusses the variables
which need to be controlled. At the time of this writing
ASTM Committee 09 is developing a standard for inter-
face measurements.

The conclusions to be drawn from all this data is that
some types of silicon rubber pads, mounted dry, will out
perform the commonly used mica with grease. Cost may
be a determining factor in making a selection.

Insulation Resistance
When using insulators, care must be taken to keep the

mating surfaces clean. Small particles of foreign matter
can puncture the insulation, rendering it useless or seri-
ously lowering its dielectric strength. In addition, partic-
ularly when voltages higher than 300 V are encountered,
problems with creepage may occur. Dust and other for-
eign material can shorten creepage distances signifi-
cantly; so having a clean a~sembly area is important.
Surface roughness and humidity also lower insulation
resistance. Use of thermal grease usually raises the with-
stand voltage of the insulation system but excess must
be removed to avoid collecting dust. Because of these
factors, which are not amenable to analysis, hi-pot testing
should be done on prototypes and a large margin of
safety employed.

Insulated Electrode Packages
Because of the nuisance of handling and installing the

accessories needed for an insulated semiconductor
mounting, equipment manufacturers have longed for
cost-effective insulated packages since the 1950's. The
first to appear were stud mount types which usually have
a layer of beryllium oxide between the stud hex and the
can. Although effective, the assembly is costly and
requires manual mounting and lead wire soldering to
terminals on top ofthe case. In the late eighties, a number
of electrically isolated parts became available from var-
ious semiconductor manufacturers. These offerings pres-
ently consist of multiple chips and integrated circuits as
well as the more conventional single chip devices.

The newer insulated packages can be grouped into two
categories. The first has insulation between the semi-
conductor chips and the mounting base; an exposed area
of the mounting base is used to secure the part. The EMS
(Energy Management Series) Modules, shown on Figure
8, Case 806 (ICePAK) and Case 388A (TO-258AAI (see
Figure 11) are examples of parts in this category. The
second category contains parts which have a plastic over-
mold covering the metal mounting base. The Full Pak,

Table 3. Performance of Silicon Rubber Insulators
Tested per MIL-I-49456

Measured Thermal Resistance ('elW)

Material Thermalloy Data(1) Berquist Data(2)

Bare Joint, greased 0.033 0.008
BeO, greased 0.082 -
Cho-Therm, 1617 0.233 -
Q Pad (non-insulated) - 0.009
Sil-Pad, K-l0 0.263 0.200
Thermasilill 0.267 -
Mica, greased 0.329 0.400
SiI-Pad 1000 0.400 0.300
Cho-therm 1674 0.433 -
Thermasilll 0.500 -
Sil-Pad 400 0.533 0.440
Sil-Pad K-4 0.583 0.440



Case 221C, illustrated in Figure 13, is an example of parts
in the second category.

Parts in the first category - those with an exposed
metal flange or tab - are mounted the same as their
non-insulated counterparts. However, as with any mount-
ing system where pressure is bearing on plastic, the over-
molded type should be used with a conical compression
washer, described later in this note.

Characteristics of fasteners, associated hardware, and
the tools to secure them determine their suitability for
use in mounting the various packages. Since many prob-
lems have arisen because of improper choices, the basic
characteristics of several types of hardware are discussed
next.

Compression Hardware
Normal split ring lock washers are not the best choice

for mounting power semiconductors. A typical #6
washer flattens at about 50 pounds, whereas 150 to 300
pounds is needed for good heat transfer at the interface.
A very useful piece of hardware is the conical, sometimes
called a Belleville washer, compression washer. As
shown in Figure 5, it has the ability to maintain a fairly
constant pressure over a wide range of its physical deflec-
tion - generally 20% to 80%. When installing, the assem-
bler applies torque until the washer depresses to half its
original height. (Tests should be run prior to setting up
the assembly line to determine the proper torque for the
fastener used to achieve 50% deflection.) The washer will
absorb any cyclic expansion of the package, insulating
washer or other materials caused by temperature
changes. Conical washers are the key to successful
mounting of devices requiring strict control of the mount-
ing force or when plastic hardware is used in the mount-
ing scheme. They are used with the large face contacting
the packages. A new variation of the conical washer
includes it as part of a nut assembly. Called a Sync Nut,
the patented device can be soldered to a PC board and
the semiconductor mounted with a 6-32 machine
screw.(4)
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Figure 5. Characteristics of the Conical Compression
Washers Designed for Use with Plastic Body Mounted

Semiconductors

Clips
Fast assembly is accomplished with clips. When only

a few watts are being dissipated, the small board-
mounted or free-st?nding heat dissipators with an inte-
gral clip, offered by several manufacturers, result in a low
cost assembly. When higher power is being handled, a
separate clip may be used with larger heatsinks. In order
to provide proper pressure, the clip must be specially
designed for a particular heatsink thickness and semi-
conductor package.

Clips are especially popular with plastic packages such
as the TO-220 and TO-126. In ad.dition to fast assembly,
the clip provides lower interface thermal resistance than
other assembly methods when it is designed for proper
pressure to bear on the top of the plastic over the die.
The TO-220 package usually is lifted up under the die
location when mounted with a single fastener through
the hole in the tab because of the high pressure at one
end.

Machine Screws
Machine screws, conical washers, and nuts (or sync-

nuts) can form a trouble-free fastener system for all types
of packages which have mounting holes. However,
proper torque is necessary. Torque ratings apply when
dry; therefore, care must be exercised when using ther-
mal grease to prevent it from getting on the threads as
inconsistent torque readings result. Machine screw heads
should not directly contact the surface of plastic packages
types as the screw heads are not sufficiently flat to pro-
vide properly distributed force. Without a washer, crack-
ing of the plastic case may occur.

Self-Tapping Screws
Under carefully controlled conditions, sheet-metal

screws are acceptable. However, during the tapping-
process with a standard screw, a volcano-like protrusion
will develop in the metal being threaded; an unaccept-
able surface that could increase the thermal resistance
may result. When standard sheet metal screws are used,
they must be used in a clearance hole to engage a speed-
nut. If a self tapping process is desired, the screw type
must be used which roll-forms machine screw threads.

Rivets
Rivets are not a recommended fastener for any of the

plastic packages. When a rugged metal flange-mount
package or EMS module is being mounted directly to a
heatsink, rivets can be used provided press-riveting is
used. Crimping force must be applied slowly and evenly.
Pop-riveting should never be used because the high
crimping force could cause deformation of most semi-
conductor packages. Aluminum rivets are much pre-
ferred over steel because less pressure is required to set
the rivet and thermal conductivity is improved.

The hollow rivet, or eyelet, is preferred over solid rivets.
An adjustable, regulated pressure press is used such that
a gradually increasing pressure is used to pan the eyelet.
Use of sharp blows could damage the semiconductor die.

Solder
Until the advent of the surface mount assembly tech-

nique, solder was not considered a suitable fastener for
power semiconductors. However, user demand has led
to the development of new packages for this application.
Acceptable soldering methods include conventional belt-



furnace, irons, vapor-phase reflow, and infrared reflow.
It is important that the semiconductor temperature not
exceed the specified maximum (usually 260°C) or the die
bond to the case could be damaged. A degraded die bond
has excessive thermal resistance which often leads to a
failure under power cycling.

Adhesives
Adhesives are available which have coefficients of

expansion compatible with copper and aluminum.(5)
Highly conductive types are available; a 10 mil layer has
approximately 0.3°CIW interface thermal resistance. Dif-
ferent types are offered: high strength types for non-field-
servicable systems or low strength types for field-
serviceable systems. Adhesive bonding is attractive
when case mounted parts are used in wave soldering
assembly because thermal greases are not compatible
with the conformal coatings used and the greases foul
the solder process.

Plastic Hardware
Most plastic materials will flow, but differ widely in this

characteristic. When plastic materials form parts of the
fastening system, compression washers are highly val-
uable to assure that the assembly will not loosen with
time and temperature cycling. As previously discussed,
loss of contact pressure will increase interface thermal
resistance.

Each of the various classes of packages in use requires
different fastening techniques. Details pertaining to each
type are discussed in following sections. Some general
considerations follow.

To prevent galvanic action from occurring when
devices are used on aluminum heatsinks in a corrosive
atmosphere, many devices are nickel- or gold-plated.
Consequently, precautions must be taken not to mar the
finish.

Another factor to be considered is that when a copper
based part is rigidly mounted to an aluminum heatsink,
a bimetallic system results which will bend with tem-
perature changes. Not only is the thermal coefficient of
expansion different for copper and aluminum, but the
temperature gradient through each metal also causes
each component to bend. If bending is excessive and the
package is mounted by two or more screws the semi-
conductor chip could be damaged. Bending can be min-
imized by:

1. Mounting the component parallel to the heatsink
fins to provide increased stiffness.

2. Allowing the heatsink holes to be a bit oversized so
that some slip between surfaces can occur as tem-
perature changes.

3. Using a highly conductive thermal grease or mount-
ing pad between the heatsink and semiconductor to
minimize the temperature gradient and allow for
movement.

Stud Mount
Parts which fall into the stud-mount classification are

shown in Figure 6. Mounting errors with non-insulated
stud-mounted parts are generally confined to application

(5) Robert Batson, Elliot Fraunglass and James P. Moran, "Heat
Dissipation Through Thermalloy Conductive Adhesives," EMTAS
'83. Conference, February 1-3, Phoenix, AZ.; Society of
Manufacturing Engineers, One SME Drive. P.O. Box 930, Dearborn,
MI48128.
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of excessive torque or tapping the stud into a threaded
heatsink hole. Both these practices may cause a warpage
of the hex base which may crack the semiconductor die.
The only recommended fastening method is to use a nut
and washer; the details are shown in Figure 7.

Insulated electrode packages on a stud mount base
require less hardware. They are mounted the same as
their non-insulated counterparts, but care must be exer-
cised to avoid applying a shear or tension stress to the
insulation layer, usually a berrylium oxide (BeD) ceramic.
This requirement dictates that the leads must be attached
to the circuit with flexible wire. In addition, the stud hex
should be used to hold the part while the nut is torqued.

R.F. transistors in the stud-'JIount stripline opposed
emitter (SOE) package impose some additional con-
straints because of the unique construction of the pack-
age. Special techniques to make connections to the strip-
line leads and to mount the part so no tension or shear
forces are applied to any ceramic - metal interface are
discussed in the section entitled "Connecting and Han-
dling Terminals."
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Figure 7. Isolating Hardware Used for a Non-Isolated
Stud-Mount Package

Press Fit
For most applications, the press-fit case should be

mounted according to the instructions shown in Figure
8. A special fixture meeting the necessary requirements
must be used.
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Thin-Chassis Mounting

The hole edge must be chamfered as shown to prevent shearing
off the knurled edge of the case during press-in. The pressing
force should be applied evenly on the shoulder ring to avoid tilting
or canting of the case in the hole during the pressing operation.
Also, the use of a thermal joint compound will be of considerable
aid. The pressing force will vary from 250 to 1000 pounds. depend-
ing upon the heatsink material. Recommended hardnesses are:
copper·less than 50 on the Rockwell F scale; aluminum-less than
65 on the Brinell scale. A heatsink as thin as 1/8" may be used.
but the interface thermal resistance will increase in direct pro-
portion to the contact area. A thin chassis requires the addition
of a backup plate.

Flange Mount
A large variety of parts fit into the flange mount cate-

gory as shown in Figure 9. Few known mounting diffi-
culties exist with the smaller flange mount packages,
such as the TO-204 (TO-3). The rugged base and distance
between die and mounting holes combine to make it
extremely difficult to cause any warpage unless mounted
on a surface which is badly bowed or unless one side is
tightened excessively before the other screw is started.
It is therefore good practice to alternate tightening of the
screws so that pressure is evenly applied. After the
screws are finger-tight the hardware should be torqued
to its final specification in at least two sequential steps.
A typical mounting installation for a popular flange type
part is shown in Figure 10. Machine screws (preferred)
self-tapping screws, eyelets, or rivets may be used to
secure the package using guidelines in the previous sec-
tion. "Fastener and Hardware Characteristics."

The copper flange of the Energy Management Series
(EMS) Modules is very thick. Consequently, the parts are
rugged and indestructible for all practical purposes. No
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special precautions are necessary when fastening these
parts to a heatsink.

Some packages specify a tightening procedure. For
example. with the Power Tap package, Figure 9b, final
torque should be applied first to the center position.

The RF power modules (MHW series) are more sen-
sitive to the flatness of the heatsink than other packages
because a ceramic (BeO) substrate is attached to a rel-
atively thin, fairly long. flange. The maximum allowable
flange bending to avoid mechanical damage has been
determined and presented in detail in EB107 "Mounting
Considerations for Motorola RF Power Modules." Many
of the parts can handle a combined heatsink and flange
deviation from flat of 7 to 8 mils which is commonly
available. Others must be held to 1.5 mils. which requires
that the heatsink have nearly perfect flatness.

Specific mounting recommendations are critical to RF
devices in isolated packages because of the internal
ceramic substrate. The large area Case 368-1 (HOG PAC)
will be used to illustrate problem areas. It is more sen-

sitive to proper mounting techniques than most other RF
power devices.

Although the data sheets contain information on rec-
ommended mounting procedures, experience indicates
that they are often ignored. For example, the recom-
mended maximum torque on the 4-40 mounting screws
is 5 in/lbs. Spring and flat washers are recommended.
Over torquing is a common problem. In some parts
returned for failure analysis, indentions up to 10 mils
deep in the mounting screw areas have been observed.

Calculations indicate that the length of the flange
increases in excess of two mils with a temperature
change of 75°C. In such cases, if the mounting screw
torque is excessive. the flange is prevented from expand-
ing in length. instead it bends upwards in the mid-section,
cracking the BeO and the die. A similar result can also
occur during the initial mounting of the device if an exces-
sive amount of thermal compound is applied. With suf-
ficient torque, the thermal compound will squeeze out of
the mounting hole areas, but will rem(lin under the center



Figure 10. Hardware Used for a TO-204AA ITO-31
Flange Mount Part

ofthe flange, deforming it. Deformations of 2-3 mils have
been measured between the center and the ends under
such conditions (enough to crack internal ceramic).

Another problem arises because the thickness of the
flange changes with temperature. For the 75°C temper-
ature excursion mentioned, the increased amount is
around 0.25 mils which results in further tightening of
the mounting screws, thus increasing the effective torque
from the initial value. With a decrease in temperature,
the opposite effect occurs. Therefore thermal cycling not
only causes risk of structural damage but often causes
the assembly to loosen which raises the interface resis-
tance. Use of compression hardware can eliminate this
problem.

Tab Mount
The tab mount class is composed of a wide array of

packages as illustrated in Figure 11. Mounting consid-
erations for all varieties are similar to that for the popular
TO-220 package, whose suggested mounting arrange-
ments and hardware are shown in Figure 12. The rectan-
gular washer shown in Figure 12a is used to minimize
distortion of the mounting flange; excessive distortion
could cause damage to the semiconductor chip. Use of

the washer is only important when the size of the mount-
ing hole exceeds 0.140 inch (6-32 clearance). Larger
holes are needed to accommodate the lower insulating
bushing when the screw is electrically connected to the
case; however, the 'holes should not be larger than nec-
essary to provide hardware clearance and should never
exceed a diameter of 0.250 inch. Flange distortion is also
possible if excessive torque is used during mounting. A
maximum torque of 8 inch-pounds is suggested when
using a 6-32 screw.

Care should be exercised to assure that the tool used
to drive the mounting screw never comes in contact with
the plastic body during the driving operation. Such con-
tact can result in damage to the plastic body and internal
device connections. To minimize this problem, Motorola
TO-220 packages have a chamfer on one end. TO-220
packages of other manufacturers may need a spacer or
combination spacer and isolation bushing to raise the
screw head above the top surface of the plastic.

The popular TO-220 Package and others of similar con-
struction lift off the mounting surface as pressure is
applied to one end. (See Appendix 8, Figure 81.) To
counter this tendency, at least one hardware manufac-
turer offers a hard plastic cantilever beam which applies
more even pressure on the tab.(6) In addition, it separates
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Figure 12. Mounting Arrangements for
Tab Mount TO-220

the mounting screw from the metal tab. Tab mount parts
may also be effectively mounted with clips as shown in
Figure 15c. To obtain high pressure without cracking the
case, a pressure spreader bar should be used under the
clip. Interface thermal resistance with the cantilever beam
or clips can be lower than with screw mounting.

The ICePAK (Case 806-02) is basically an elongated
TO-220 package with isolated chips. The mounting pre-
cautions for the TO-220 consequently apply. In addition,
since two mounting screws are required, the alternate
tightening procedure described for the flange mount
package should be used.

In situations where a tab mount package is making
direct contact with the heatsink, an eyelet may be used,
provided sharp blows or impact shock is avoided.

Plastic Body Mount
The Thermopad and Full Pak plastic power packages

shown in Figure 13 are typical of packages in this group.
They have been designed to feature minimum size with
no compromise in thermal resistance. For the Thermopad
(Case 77) parts this is accomplished by die-bonding the
silicon chip on one side of a thin copper sheet; the oppo-
site side is exposed as a mounting surface. The copper
sheet has a hole for mounting; plastic is molded envel-
oping the chip but leaving the mounting hole open. The
low thermal resistance of this construction is obtained at
the expense of a requirement that strict attention be paid
to the mounting procedure.

The Full Pak (Case 221C-01) is similar to a TO-220
except that the tab is encased in plastic. Because the
mounting force is applied to plastic, the mounting pro-
cedure differs from a standard TO-220 and is similar to
that of the Thermopad.

Several types of fasteners may be used to secure these
packages; machine screws, eyelets, or clips are preferred.
With screws or eyelets, a conical washer should be used
which applies the proper force to the package over a fairly
wide range of deflection and distributes the force over a
fairly large surface area. Screws should not be tightened
with any type of air-driven torque gun or equipment
which may cause high impact. Characteristics of a suit-
able conical washer is shown in Figure 5.

Figure 14 shows details of mounting Case 77 devices.
Clip mounting is fast and requires minimum hardware,
however, the clip must be properly chosen to insure that
the proper mounting force is applied. When electrical
isolation is required with screw mounting, a bushing
inside the mounting hole will insure that the screw
threads do not contact the metal base.

The Full Pak, (Case 221C, 221 D and 3408) permits the
mounting procedure to be greatly simplified over that of
a standard TO-220. As shown in Figure 15c, one properly
chosen clip, inserted into two slotted holes in the heat-
sink, is all the hardware needed. Even though clip pres-
sure is much lower than obtained with a screw, the ther-
mal resistance is about the same for either method. This
occurs because the clip bears directly on top of the die
and holds the package flat while the screw causes the
package to lift up somewhat under the die. (See Figure
B1 of Appendix B.) The interface should consist of a layer
of thermal grease or a highly conductive thermal pad. Of
course, screw mounting shown in Figure 15b may also
be used but a conical compression washer should be
included. Both methods afford a major reduction in hard-
ware as compared to the conventional mounting method
with a TO-220 package which is shown in Figure 15a.
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Figure 14. Recommended Mounting Arrangements for
TO-225AA (TO-126) Thermopad Packages

Surface Mount
Although many of the tab mount parts have been sur-

face mounted, special small footprint packages for
mounting power semiconductors using surface mount
assembly techniques have been developed. The DPAK,
shown in Figure 16, for example, will accommodate a die
up to 112 mils x 112 mils, and has a typical thermal resis-
tance around 2°CIW junction to case. The thermal resis-
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Figure 15. Mounting Arrangements for the Full Pak as
Compared to a Conventional TO-220



tance values of the solder interface is well under 1°CIW.
The printed circuit board also serves as the heatsink.

Standard Glass-Epoxy 2-ounce boards do not make
very good heatsinks because the thin foil has a high ther-
mal resistance. As Figure 17 shows, thermal resistance
assymtotes to about 20°CIW at 10 square inches of board
area, although a point of diminishing returns occurs at
about 3 square inches.

Boards are offered that have thick aluminum or copper
substrates. A dielectric coating designed for low thermal
resistance is overlayed with one or two ounce copper foil
for the preparation of printed conductor traces. Tests run
on such a product indicate that case to substrate thermal
resistance is in the vicinity of 1°CIW, exact values depend-
ing upon board type.l7) The substrate may be an effective
heatsink itself, or it can be attached to a conventional
finned heats ink for improved performance.

Since DPAK and other surface mount packages are
designed to be compatible with surface mount assembly
techniques, no special precautions are needed other than
to insure that maximum temperature/time profiles are
not exceeded.
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Figure 17. Effect of Footprint Area on Thermal
Resistance of DPAK Mounted on a Glass-Epoxy Board

In applications where average power dissipation is on
the order of a watt or so, most power semiconductors
may be mounted with little or no heatsinking. The leads

of the various metal power packages are not designed to
support the packages; their cases must be firmly sup-
ported to avoid the possibility of cracked seals around
the leads. Many plastic packages may be supported by
their leads in applications where high shock and vibration
stresses are not encountered and where no heatsink is
used. The leads should be as short as possible to increase
vibration resistance and reduce thermal resistance. As a
general practice however, it is better to support the pack-
age. A plastic support for the TO-220 Package and other
similar types is offered by heatsink accessory vendors.

In many situations, because its leads are fairly heavy,
the CASE 77 (TO-225AA) (TO-127) package has supported
a small heatsink; however, no definitive data is available.
When using a small heatsink, it is good practice to have
the sink rigidly mounted such that the sink or the board
is providing total support for the semiconductor. Two
possible arrangements are shown in Figure 18. The
arrangement of part (a) could be used with any plastic
package, but the scheme of part (18b) is more practical

TQ·225AA
CASE 77

HEATSINK SURfACE

TWIST LOCKS
OR

SOLDERABLE
LEGS

18a. Simple Plate. Vertically Mounted

~

TQ_225AA
CASE 77

HEATSINK
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1 11~IRCUIT BOARD

Figure 18. Methods of Using Small Heatsinks With
Plastic Semiconductor Packages



with Case 77 Thermopad devices. With the other package
types, mounting the transistor on top of the heatsink is
more practical.

In certain situations, in particular where semiconductor
testing is required or prototypes are being developed,
sockets are desirable. Manufacturers have provided sock-
ets for many of the packages available from Motorola.
The user is urged to consult manufacturers' catalogs for
specific details. Sockets with Kelvin connections are nec-
essary to obtain accurate voltage readings across semi-
conductor terminals.

Pins, leads, and tabs must be handled and connected
properly to avoid undue mechanical stress which could
cause semiconductor failure. Change in mechanical
dimensions as a result of thermal cycling over operating
temperature extremes must be considered. Standard
metal, plastic, and RF stripline packages each have some
special considerations.

Metal Packages
The pins and lugs of metal packaged devices using

glass to metal seals are not designed to handle any sig-
nificant bending or stress. If abused, the seals could crack.
Wires may be attached using sockets, crimp connectors
or solder, provided the data sheet ratings are observed.
When wires are attached directly to the pins, flexible or
braided leads are recommended in orderto provide strain
relief.

EMS Modules
The screw terminals of the EMS modules look decep-

tively rugged. Since the flange base is mounted to a rigid
heatsink, the connection to the terminals must allow
some flexibility. A rigid buss bar should not be bolted to
terminals. Lugs with braid are preferred.

Plastic Packages
The leads of the plastic packages are somewhat flexible

and can be reshaped although this is not a recommended
procedure. In many cases, a heatsink can be chosen
which makes lead-bending unnecessary. Numerous lead-
and tab-forming options are available from Motorola on
large quantity orders. Preformed leads remove the users
risk of device damage caused by bending.

If, however, lead-bending is done by the user, several
basic considerations should be observed. When bending
the lead, support must be placed between the point of
bending and the package. For forming small quantities
of units, a pair of pliers may be used to clamp the leads
at the case, while bending with the fingers or another
pair of pliers. For production quantities, a suitable fixture
should be made.

The following rules should be observed to avoid dam-
age to the package.

1. A lead bend radius greaterthan 1/16 inch is advisable
for TO-225AA (CASE 77) and 1/32 inch for TO-220.

2. No twisting of leads should be done at the case.
3. No axial motion of the lead should be allowed with

respect to the case.

The leads of plastic packages are not designed to with-
stand excessive axial pull. Force in this direction greater
than 4 pounds may result in permanent damage to the
device. If the mounting arrangement imposes axial stress
on the leads, a condition which may be caused by thermal
cycling, some method of strain relief should be devised.
When wires are used for connections, care should be
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exercised to assure that movement of the wire does not
cause movement of the lead at the lead-to-plastic junc-
tions. Highly flexible or braided wires are good for pro-
viding strain relief.

Wire-wrapping of the leads is permissible, provided
that the lead is restrained between the plastic case and
the point of the wrapping. The leads may be soldered;
the maximum soldering temperature, however, must not
exceed 260°C and must be applied for not more than 5
seconds at a distance greater than 1/8 inch from the plas-
ti!= case.

Stripline Packages
The leads of stripline packages normally are soldered

into a board while the case is recessed to contact a heat-
sink as shown in Figure 19. The following rules should
be observed:

1. The device should never be mounted in such a man-
ner as to place ceramic-to-metal joints in tension.

2. The device should never be mounted in such a man-
ner as to apply force on the strip leads in a vertical
direction towards the cap.

3. When the device is mounted in a printed circuit
board with the copper stud and BeO portion of the
header passing through a hole in the circuit boards,
adequate clearance must be provided for the BeO
to prevent shear forces from being applied to the
leads.

4. Some clearance must be allowed between the leads
and the circuit board when the device is secured to
the heatsink.

5. The device should be properly secured into the heat-
sinks before its leads are attached into the circuit.

6. The leads on stud type devices must not be used to
prevent device rotation during stud torque appli-
cation. A wrench flat is provided for this purpose.

Figure 19b shows a cross-section of a printed circuit
board and heatsink assembly for mounting a stud type
stripline device. H is the distance from the top surface of
the printed circuit board to the O-flat heatsink surface. If
H is less than the minimum distance from the bottom of
the lead material to the mounting surface of the package,
there is no possibility of tensile forces in the copper stud
- BeO ceramic joint. If, however, H is greater than the
package dimension, considerable force is applied to the
cap to BeO joint and the BeO to stud joint. Two occur-
rences are possible at this point. The first is a cap joint
failure when the structure is heated, as might occur dur-
ing the lead-soldering operation; while the second is BeO
to stud failure if the force generated is high enough. Lack
of contact between the device and the heatsink surface
will occur as the differences between H and the package
dimension become larger, this may result in device failure
as power is applied.

Figure 19c shows a typical mounting technique for
flange-type stripline transistors. Again, H is defined as
the distance from the top of the printed circuit board to
the heatsink surface. If distance H is less than the mini-
mum distance from the bottom of transistor lead to the
bottom surface of the flange, tensile forces at the various
joints in the package are avoided. However, if distance H
exceeds the package dimension, problems similar to
those discussed for the stud type devices can occur.

It is important that any solvents or cleaning chemicals
used in the process of degreasing or flux removal do not
affect the reliability of the devices. Alcohol and unchlor-
inated Freon solvents are generally satisfactory for use
with plastic devices, since they do not damage the pack-
age. Hydrocarbons such as gasoline and chlorinated
Freon may cause the encapsulant to swell, possibly dam-
aging the transistor die.

When using an ultrasonic cleaner for cleaning circuit
boards, care should be taken with regard to ultrasonic
energy and time of application. This is particularly true
if any packages are free-standing without support.

Assuming that a suitable method of mounting the
semiconductor without incurring damage has been
achieved, it is important to ascertain whether the junction
temperature is within bounds.

In applications where the power dissipated in the semi-
conductor consists of pulses at a low duty cycle, the
instantaneous or peak junction temperature, not average
temperature, may be the limiting condition. In this case,
use must be made of transient thermal resistance data.
For a full explanation of its use, see Motorola Application
Note, AN569.

Other applications, notably RF power amplifiers or
switches driving highly reactive loads, may create severe
current crowding conditions which render the traditional
concepts of thermal resistance or transient thermal
impedance invalid. In this case, transistor safe operating
area, thyristor dildt limits, or equivalent ratings as appli-
cable, must be observed.

Fortunately, in many applications, a calculation of the
average junction temperature is sufficient. It is based on
the concept of thermal resistance between the junction
and a temperature reference point on the case. (See
Appendix A.) A fine wire thermocouple should be used,
such as #36 AWG, to determine case temperature. Aver-
age operating junction temperature can be computed
from the following equation:

TJ = TC + ROJC x Po
where TJ = junction temperature (OCl

TC = case temperature (OC)
ROJC = thermal resistance junction-to-

case as specified on the data
sheet (OCIW)

Po = power dissipated in the device (W)

The difficulty in applying the equation often lies in
determining the power dissipation. Two commonly used
empirical methods are graphical integration and
substitution.

Graphical Integration
Graphical integration may be performed by taking

oscilloscope pictures of a complete cycle of the voltage
and current waveforms, using a limit device. The pictures
should be taken with the temperature stabilized. Corre-
sponding points are then read from each photo at a suit-
able number of time increments. Each pair of voltage and
current values are multiplied together to give instanta-



neous values of power. The results are plotted on linear
graph paper, the number of squares within the curve
counted, and the total divided by the number of squares
along the time axis. The quotient is the average power
dissipation. Oscilloscopes are available to perform these
measurements and make the necessary calculations.

Substitution
This method is based upon substituting an easily meas-

urable, smooth dc source for a complex waveform. A
switching arrangement is provided which allows oper-
ating the load with the device under test, until it stabilizes

in temperature. Case temperature is monitored. By
throwing the switch to the "test" position, the device
under test is connected to a dc power supply, while
another pole of the switch supplies the normal power to
the load to keep i"t operating at full power level. The dc
supply is adjusted so that the semiconductor case tem-
perature remains approximately constant when the
switch is thrown to each position for about 10 seconds.
The dc voltage and current values are multiplied together
to obtain average power. It is generally necessary that a
Kelvin connection be used for the device voltage
measurement.

APPENDIX A
THERMAL RESISTANCE CONCEPTS

The basic equation for heat transfer under steady-state
conditions is generally written as:

q hMT (1)
where q rate of heat transfer or power dissi-

pation (PD)
h heat transfer coefficient,
A = area involved in heat transfer,
~ T = temperature difference between

regions of heat transfer.

However, electrical engineers generally find it easier to
work in terms of thermal resistance, defined as the ratio
of temperature to power. From Equation 1, thermal resis-
tance, RO' is

RO = ~T/q = 1/hA (2)

The coefficient (h) depends upon the heat transfer mech-
anism used and various factors involved in that particular
mechanism.

An analogy between Equation (2) and Ohm's Law is
often made to form models of heat flow. Note that T could
be thought of as a voltage thermal resistance corre-
sponds to electrical resistance (R); and, power (q) is anal-
ogous to current (I). This gives rise to a basic thermal
resistance model for a semiconductor as indicated by
Figure A1.

The equivalent electrical circuit may be analyzed by
using Kirchoff's Law and the following equation results:

TJ = PD(ROJC + ROCS + ROSA) + TA
(3)
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where TJ = junction temperature,
PD = power dissipation
ROJC = semiconductor thermal resistance

(junction to case),
ROCS = interface thermal resistance (case

to heatsink),
ROSA = heatsink thermal resistance (heat-

sink to ambient),
TA = ambient temperature.

The thermal resistance junction to ambient is the sum
of the individual components. Each component must be
minimized if the lowest junction temperature is to result.

The value for the interface thermal resistance, ROCS,
may be significant compared to the other thermal-
resistance terms. A proper mounting procedure can
minimize ROCS.

The thermal resistance of the heatsink is not absolutely
constant; its thermal efficiency increases as ambient tem-
perature increases and it is also affected by orientation
of the sink. The thermal resistance of the semiconductor
is also variable; it is a function of biasing and tempera-
ture. Semiconductor thermal resistance specifications
are normally at conditions where current density is fairly
uniform. In some applications such as in RF power ampli-
fiers and short-pulse applications, current density is not
uniform and localized heating in the semiconductor chip
will be the controlling factor in determining power han-
dling ability.



APPENDIX B
MEASUREMENT OF INTERFACE THERMAL RESISTANCE

Measuring the interface thermal resistance ROCS
appears deceptively simple. All that's apparently needed
is a thermocouple on the semiconductor case, a ther-
mocouple on the heatsink, and a means of applying and
measuring DC power. However, ROCS is proportional to
the amount of contact area between the surfaces and
consequently is affected by surface flatness and finish
and the amount of pressure on the surfaces. The fasten-
ing method may also be a factor. In addition, placement
of the thermocouples can have a significant influence
upon the results. Consequently, values for interface ther-
mal resistance presented by different manufacturers are
not in good agreement. Fastening methods and ther-
mocouple locations are considered in this Appendix.

When fastening the test package in place with screws,
thermal conduction may take place through the screws,
for example, from the flange ear on a TO-3 package
directly to the heatsink. This shunt path yields values
which are artificially low for the insulation material and
dependent upon screw head contact area and screw
material. MIL-I-49456 allows screws to be used in tests
for interface thermal resistance probably because it can
be argued that this is "application oriented."

Thermalloy takes pains to insulate all possible shunt
conduction paths in order to more accurately evaluate
insulation materials. The Motorola fixture uses an insu-
lated clamp arrangement to secure the package which
also does not provide a conduction path.

As described previously, some packages, such as a
TO-220, may be mounted with either a screw through the
tab or a clip bearing on the plastic body. These two meth-
ods often yield different values for interface thermal resis-
tance. Another discrepancy can occur if the top of the
package is exposed to the ambient air where radiation
and convection can take place. To avoid this, the package
should be covered with insulating foam. It has been esti-
mated that a 15 to 20% error in ROCS can be incurred
from this source.

Another significant cause for measurement discrep-
ancies is the placement of the thermocouple to measure

Figure 81. JEDEC TO-220 Package Mounted to
Heatsink Showing Various Thermocouple Locations

and Lifting Caused by Pressure at One End

the semiconductor case temperature. Consider the
TO-220 package shown in Figure B1. The mounting pres-
sure at one end causes the other end - where the die is
located - to lift off the mounting surface slightly. To
improve contact, Motorola TO-220 Packages are slightly
concave. Use of a spreader bar under the screw lessens
the lifting, but some is inevitable with a package of this
structure. Three thermocouple locations are shown:

a. The Motorola location is directly under the die
reached through a hole in the heatsink. The thermocouple
is held in place by a spring which forces the thermocouple
into intimate contact with the bottom of the semi's case.

b. The JEDEC location is close to the die on the top
surface of the package base reached through a blind hole
drilled through the molded body. The thermocouple is
swaged in place.

c. The Thermalloy location is on the top portion of the
tab between the molded body and the mounting screw.
The thermocouple is soldered into position.

Temperatures at the three locations are generally not
the same. Consider the situation depicted in the figure.
Because the only area of direct contact is around the
mounting screw, nearly all the heat travels horizontally
along the tab from the die to the contact area. Conse-
quently, the temperature at the JEDEC location is hotter
than at the Thermalloy location and the Motorola location
is even hotter. Since junction-to-sink thermal resistance
must be constant for a given test setup, the calculated
junction-to-case thermal resistance values decrease and
case-to-sink values increase as the "case" temperature
thermocouple readings become warmer. Thus the choice
of reference point for the "case" temperature is quite
important.

There are examples where the relationship between
the thermocouple temperatures are different from the
previous situation. If a mica washer with grease is
installed between the semiconductor package and the
heatsink, tightening the screw will not bow the package;
instead, the mica will be deformed. The primary heat
conduction path is from the die through the mica to the
heatsink. In this case, a small temperature drop will exist
across the vertical dimension of the package mounting
base so that the thermocouple at the EIA location will be
the hottest. The thermocouple temperature at the Ther-
malloy location will be lower but close to the temperature
at the EIA location as the lateral heat flow is generally
small. The Motorola location will be coolest.

The EIA location is chosen to obtain the highest tem-
perature on the case. It is of significance because power
ratings are supposed to be based on this reference point.
Unfortunately, the placement of the thermocouple is tedi-
ous and leaves the semiconductor in a condition unfit for
sale.

The Motorola location is chosen to obtain the highest
temperature of the case at a point where, hopefully, the
case is making contact to the heatsink. Once the special
heatsink to accommodate the thermocouple has been
fabricated, this method lends itself to production testing
and does not mark the device. However, this location is
not easily accessible to the user.



The Thermalloy location is convenient and is often cho-
sen by equipment manufacturers. However, it also blem-
ishes the case and may yield results differing up to 1°CIW
for a TO-220 package mounted to a heatsink without ther-
mal grease and no insulator. This error is small when
compared to the thermal resistance of heat dissipaters
often used with this package, since power dissipation is
usually a few watts. When compared to the specified
junction-to-case values of some of the higher power
semiconductors becoming available, however, the dif-
ference becomes significant and it is important that the
semiconductor manufacturer and equipment manufac-
turer use the same reference point.

Another EIA method of establishing reference temper-

atures utilizes a soft copper washer (thermal grease is
used) between the semiconductor package and the heat-
sink. The washer is flat to within 1 mil/inch, has a finish
better than 63 !.L-inch, and has an imbedded thermocou-
ple near its center. This reference includes the interface
resistance under nearly ideal conditions and is therefore
application-oriented. It is also easy to use but has not
become widely accepted.

A good way to improve confidence in the choice of
case reference point is to also test for junction-to-case
thermal resistance while testing for interface thermal
resistance. If the junction-to-case values remain relatively
constant as insulators are changed, torque varied, etc.,
then the case reference point is satisfactory.

APPENDIX C
Sources of Accessories

Insulators

Joint Plastic Silicone
Manufacturer Compound Adhesives BeO AIOZ Anodize Mica Film Rubber Heatsinks

Aavid Eng. X X - - - - - X X

AHAM-TOR - - - - - - - - X

Astrodynamis X - - - - - - - X

Delbert Blinn - - X - X X X X X

IERe X - - - - - - - X

Staver - - - - - - - - X

Thermalloy X X X X X X X X X

Tran-tec - - X X X X - X X

Wakefield Eng. X X X - X - - X X

Suppliers Addresses

Aavid Engineering, Inc., 30 Cook Court, Laconia, New
Hampshire 03246 (603) 524-4443

AHAM-TOR Heatsinks, 27901 Front Street, Rancho, Cal-
ifornia 92390 (714) 676-4151

Astro Dynamics, Inc., 2 Gill St., Woburn, Massachusetts
01801 (617) 935-4944

Berquist, 5300 Edina Industrial Blvd., Minneapolis, Min-
nesota 55435 (612) 835-2322

Chomerics, Inc., 16 Flagstone Drive, Hudson, New Hamp-
shire 03051 1-800-633-8800

Delbert Blinn Company, P.O. Box 2007, Pomona, Califor-
nia 91769 (714) 629-3900

International Electronic Research Corporation, 135 West
Magnolia Boulevard, Burbank, California 91502

(213) 849-2481

The Staver Company, Inc., 41-51 Saxon Avenue, Bay
Shore, Long Island, New York 11706 (516) 666-8000

Thermalloy, Inc., P.O. Box 34829, 2021 West Valley View
Lane, Dallas, Texas 75234 (214) 243-4321

Tran-tec Corporation, P.O. Box 1044, Columbus,
Nebraska 68601 (402) 564-2748

Wakefield Engineering, Inc., Wakefield, Massachusetts
01880 (617) 245-5900



When the JEDEC registration system for package out-
lines started in 1957, numbers were assigned sequen-
tially whenever manufacturers wished to establish a
package as an industry standard. As minor variations
developed from these industry standards, either a new,
non-related number was issued by JEDEC or manufac-
turers would attempt to relate the part to an industry
standard via some appended description.

In an attempt to ease confusion, JEDEC established the
present system in late 1968 in which new packages are
assigned into a category, based on their general physical
appearance. Differences between specific packages in a
category are denoted by suffix letters. The older package

designations were re-registered to the new system as
time permitted.

For example the venerable TO-3 has many variations.
Can heights differ and it is available with 30, 40, 50, and
60 mil pins, with and without lugs. It is now classified in
the TO-204 family. The TO-204AA conforms to the orig-
inal outline for the TO-3 having 40 mil pins while the
TO-204AE has 60 mil pins, for example.

The new numbers for the old parts really haven't
caught on very well. It seems that the DO-4, DO-5 and
TO-3 still convey sufficient meaning for general verbal
communication.

Motorola
JEDEC Outline

e••• Original Revised Mounting Se.
Number System System Notes Cia•• Page

001 TO-3 TO-204M Flange 9

003 To-3 2 Flange 9

009 TO-61 TO-210AC Stud B

011 To-3 TO-204AA - flange 9

OtlA To-3 - 2 Flange 9

012 To-3 - 2 Flange •
036 TO-50 TO-210AB - Stud B

042A 00-5 DO-203AB - Stud B

044 00-4 DO·203AA - Stud B

054 To-3 - 2 Flange •
056 00-4 - - Stud B

056 00-5 - 2 Stud B

61-03 Flange •
63-02 rO-64 TO·208AB Stud 8

63-03 rO-64 TO-2088AB Stud 8

077 TO-126 TO-225M - Plastic 12

080 To-66 TO-213AA - flange •
086 - To·20a 1 Stud 8

OB6L - TO-298 1 Stud B

1448-05 Stud B

145A-09 Stud 8

145A-l0 Stud 8

145C TO-232 1 Stud 8

157 - 00-203 1 Stud 8

160-03 TO-59 TO-210M - Stud 8

167 - 00-203 1 Stud 8

174-04 . Pressfit 9

175-03 Stud 8

197 - TO-204AE - Flange •
211-07 Flange •
211-09 flange •

Motorola
JEDEC Outline

C••• Originel Revised Mounting S••
Number Sy.tem System Note. Cln. Pege

211-11 Flange 9

215-02 Flange •
221 - TO-220AB - Tob 11

221C-02 Plastic 12

2210-01 - - Isolated Plastic 12
TO-220

235 - TO-208 1 Stud 8

235-03 Stud 8

238 - TO-208 1 Stud 8

23. - TO-208 - Stud 8

244-04 Stud B

245 00-4 - - Stud B

257-01 00-5 - - Stud B

263 - TO-208 - Stud B

263-04 Stud B

283 00-4 - - Stud 8

289 - TO-209 1 Stud 8

305-01 Stud 8

310-02 Pressfit 9

311-01 Isolated Stud 8

311-02 Pressfit •
311-02 Stud 8

3148-01 Tob 11

3140-01 Tob 11

316-01 Flange 9

319-04 Flange 9

32M-01 Flange 9

332-04 Stud 8

333-03 Flange 9

333A-01 Flange 9

336-03 Flange 9

Motorolll
JEOEC Outline

C•• e Originlll Revised Mounting See
Number Sy.tem System Notes Cle.s Pege

337-02 Flange 9

340 TO-218AC Tob 11

340A-02 Plastic 12

3408-03 Isolated Plastic 12
TO-218

342-01 Flange 9

3578-01 Flange 9

361-01 Flange •
368-01 Flange 9

369-03 TO-251 Insertion 14

369A-04 TO-252 Surface 13

373-01 Isolated Flange •
383-01 Isolated Flange 10

387-01 TO-254AA Isolated 2 Tob 11

388A-01 TO-258AA Isolated 2 Tob 11

744-02 Flange 9

744A-01 Flange •
806-02 Isolated Flange 9

807-01 Isolated Flange 9

807-02 Isolated Flange •
807A-Ol Isolated Flange •
808-01 Isolated Flange 9

809-01 Isolated Flange 9

812-01 Isolated Flange 9

813-01 Isolated Flange 9

814-01 Isolated Flange 9

814A-01 Isolated Flange 9

0848-01 Isolated Flange 9

816-01 Isolated Flange 9

819-01 Isolated Flange •
043-02 00-21 0O-208AA Pressfit 9
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